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(57) Abstract: A method and system for processing 
an amorphous silicon thin film sample to produce 
a large grained, grain boundary-controUed silicon 
thin film. The film sample includes a first edge and 
a second edge. In particular, using this method and 
system, an excimer laser is used to provide a pulsed 
laser beam, and the pulse laser beam is masked to 
generate pattoned beamlets, each of the patterned 
beamlets having an intensity which is sufficient to 
melt the film sample. The film sample is continuously 
scanned at a first constant predetermined speed along 
a first path between the first edge and the second edge 
with the patterned beamlets. In addition, the film 
sample is continuously scanned at a second constant 
predetermined speed along a second path between 
the first edge and the second edge with the patterned 
beamlets. 
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METHOD AND SYSTEM FOR PROVIDING A CONTINUOUS MOTION 
SEQUENTIAL LATERAL SOLIDIFICATION 

SPECIFICATION 

FIELD OF T HF. TNVff.NTTniV 

The present invention relates to a method and system for processing a 
fliin-film semiconductor material, and more particularly to forming large-grained grain 
boundary-location controlled semiconductor thin films &om amorphous orpolycrystalline 
thin films on a substrate using laser irradiation and a continuous motion of the substrate 
having the semiconductor film being irradiated. 

BACKGROUND INFORMATION 

Inthefieldofsemiconductorprocessing, there have been several attempts 
to use lasers, to convert thm amorphous silicon films into polycrystalline films. For 
example, in James Im et al., "Crystalline Si Fihns for lutegrated Active-Matrix Liquid- 
Crystal Displays," 11 MRS BuUetin 39 (1996), an overview of conventional excimer 
laser annealing technology is described. In such conventional system, an excimer laser 
beam is shjQ)ed into a long beam which is typically up to 30 cm long and 500 
micrometers or greater in width. The shaped beam is stepped over a sample of 
amorphous silicon to facilitate melting thereof and the formation of grain boundary- 
controlled polycrystalline silicon upon the resolidification of the sample. 

The use of conventional excimer laser annealing technology to generate 
polycrystaUinesilicon is problematic for several reasons. First, the polycrystalline silicon 
generated in the process is typically small grained, of arandom micro structure (i.e., poor 
control of grain boundaries), and having a nonuniform grain sizes, therefore resulting in 
poor and nonuniform devices and accordingly, low manufacturing yield. Second, in 
order to obtain acceptable quality grain boundary-controlled polycrystalline thin fihns, 
the manufacturing throughput for producing such thin films must be kept low. Also, the 
process generally requires a controlled atmosphere and preheating of the amorphous 
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silicon sample, which leads to a reduction in throughput rates. Accordingly, there exists 
a need in the field to generate higher quality thin polyciystaUine silicon filmR at greater 
throughput rates. There likewise exists a need for manufecturing techniques which 
generate larger and more uniformly microstructured polyciystalline silicon thin films to 
be used in the fabrication of higher quality devices, such as thin fihn transistor arrays for 
liquid crystal panel displays. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide techniques for producing 
large-grained and grain boundary location controlled polyciystalline thin film 
semiconductors using a sequential lateral solidification process and to generate such 
silicon thin films in an accelerated manner. 

At least some of these objects are accomplished with amethod and system 
for processing an amorphous or polycrystalline silicon thin film sample into a grain 
boundary-controlled polycrystalline thin fihn or a single crystal thin film. The fihn 
sample includes a first edge and a second edge. Jn particular, using this method and 
system, a laser beam generator is controlled to emit a laser beam, and portions of this 
laser beam are masked to generate patterned beamlets, each of the beamlets having an 
intensity which is sufficient to melt the fihn sample. The fihn sample is continuously 
scanned at a first constant predetermined speed along a first path between the first edge 
and the second edge by the patterned beamlets. In addition, the fihn sample is 
continuously scanned at a second constant predetermined speed along a second path 
between the first edge and the second edge by the patterned beamlets. 

In another embodiment of the present invention, the fihn sample is 
continuously translated m a first direction so that the fixed patterned beamlets 
continuously irradiate successive first portions of the fihn sample along the first path. The 
first portions are melted while being irradiated. In addition, the fihn sample is 
continuously translated in a second dfrection so that the fixed patterned beamlets irradiate 
successive secondportions of the fihn sample along the second path. The second portions 
are melted while being irradiated. Furthermore, after the fihn sample is translated in the 
first direction to irradiate a next successive portion of flie first path of the fihn sample. 
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flie first portions are cooled and resolidified, and after the film sample is translated in the 
second direction to irradiate a next successive portion of the second path of the film 
sample, the second portions are cooled and resolidified. 

In yet another embodiment of the present invention, the fikn sample is 
positioned so that the patterned beamlets impinge at a first location outside ofboundaiies 
of the film sample with respect to the film sample. Also, the fihn sample can be 
microtranslated &om. the first location to a second location before the fihn sample is 
scanned along the second path, starting from the second location. 

hi a further embodiment of the present mvention, after the fihn sample is 
scanned along the second path, the fihn sample is translated so that the beamlets mq)mge 
a third location which is outside the boundaries of the film sample microtranslated. 
Thereafter, the fihn sample can be stepped so that the unpmgement of the beamlets 
moves fix)m the thkd location to a fourth location, the fourth location being outside of the 
boundaries of the fihn sample. Then, the fihn sample is mamtained with the patterned 
beamlets unpmgmg on the fourth location until the fihn sample stops vibrating and after 
the movement of the film sample ceases. 

In another embodunait of the present mvention, the fihn sample is 
continuously scanned m a first direction so that the fixed position beamlets scan the first 
path, and then in a second direction so that the fixed position beamlets scan the second 
path After the fihn sample is t^lated m the first dhection, it is continuously translated 
at tiie first constant predetermmed speed m a second direction so tiiat the patterned 
beamlets irradiate flie first successive portions of the fihn sample along the second path, 
the second dkection bemg opposite to the first direction. Then, tiie fihn sample is 
microtranslated so tiiat the impmgement of the beamlets moves from the first location to 
a second location, the second location being outside of boundaries of the fihn sample. 
Thereafter, the fihn sample is continuously translated at the second constant 
predetennmed speed m a first direction so that the patterned beamlets uradiate second 
successive portions of the fihn sample along the second path until the beamlets unpmge 
on the second location, the first direction being opposite to the second direction. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. la shows a diagram of an exemplary embodiment of a system for 
performing a continuous motion solidification lateral solidification ("SLS'*) according 
to the present invention. 

Fig. lb shows an embodiment of a method according of the present 
invention for providing the continuoiis motion SLS which may be utilized by the system 
of Fig. la. 

Fig. 2a shows a diagram of a mask having a dashed pattern. 

Fig. 2b shows a diagram of aportion of a crystallized siUcon fihn resiilting 
firom the use of the mask shown in Fig, 2a in the system of Fig. la. 

Fig. 3a shows a diagram of a mask having a chevron pattem. 

Fig. 3b shows a diagram of a portion of a crystallized siUcon film resulting 
firom the use of the mask shown in Fig. 3a in the system of Fig. la. 

Fig. 4a shows a diagram of a mask having a line pattern. 

Fig. 4b shows adiagram of a portion of acrystaUizedsiliconfihnresulting 
firom the use of the mask shown in Fig. 4a in the system of Fig. la. 

Fig. 5a shows an illustrative diagram showing portions of irradiated areas 
of a siUcon sample using a mask having the line pattem. 

Fig. 5b shows an illustrative diagram oftheportionsof the irradiated areas 
of a silicon sample using a mask having a line pattem after initial irradiation and sample 
translation has occurred, and after a single laser pulse during the method illustrated in 
Fig, lb. 

Fig. 5c shows an illustrative diagram of the portions of the crystallized 
sihcon film after a second irradiationhas occurred which was generated using the method 
illustrated in Fig. lb. 

Fig. 6a shows a mask having a diagonal line pattem. 

Fig. 6b a diagram of a portion of a crystallized silicon fihn resulting fi^om 
the use of the mask shown in Fig. 6a in the system of Fig. la; 

Fig. 7 shows another embodiment of a method according of the present 
invention for providing the continuous motion SLS which may be utilized by the system 
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of Fig. la. 

Fig. 8 shows a flow diagram illustratilig the steps implemented by the 
method illustrated in Fig. lb. 

nRTAn.F. D DESCRTPTTON 

The present invention provides techniques for producing miiform large- 
grained andgrainboundary location controlled crystallme thin film semiconductors using 
the sequential lateral soUdificationprocess. Inorderto fullyunderstand those techniques, 
the sequential lateral soUdification process must first be appreciated. 

The sequential lateral soUdification process is a technique for producing 
large grained siUcon structures through small-scale uniduectional translation of a sample 
in ha^nng a silicon fihn between sequential pulses emitted by an excimer laser. As each 
pulse is absorbed by the silicon fihn, a small area of the fihn is caused to melt completely 
and resohdify laterally mto a crystal region produced by the precedmg pulses of a pulse 
set. 

An advantageous sequential lateral soUdificationprocess and an apparatus 
to carry out that process are disclosed in co-pendmg patent appHcation no. 09/390,537 
(flie '"537 appUcation") filed on September 3, 1999, and assigned to the common 
assignee, the entire disclosure of which is mcorporated herein by reference. While the 
foregoing disclosure is made with reference to the particular techniques described in the 
*537 ^pUcation, it should be understood that other sequential lateral soUdification 
techniques could easily be adapted for the use in the present mvention. 

Fig. 1 a shows a system accordmg to the present invention which is capable 
of unplementing the continuous motion SLS process. As also described in the '537 
appUcation, the system mcludes an excimer laser 1 10, an energy density modulator 120 
to r^idly change the energy density of a laser beam 1 1 1, a beam attenuator and shutter 
130(whichisoptionalin this system), optics 140, 141, 142andl43,abeamhomogenizer 
144, a lens and beam steering system 145, 148, a maskmg system 150, another lens and 
beam steering system 161, 162, 163, an incident laser pulse 164, a thin siUcon fihn 
sample on a substrate 1 70, a sample translation stage 1 80, a granite block 190, a support 
system 191, 192, 193, 194, 195, 196. and a computer 100 which manages X and Y 
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direction translations and mierotranslations of the silicon film sample and substrate 170. 
The computer 100 directs such translations and/or mierotranslations by either a 
movement of a mask within masking system 150 or by a movement of the sample 
translation stage 180. 

5 As described in further detail in the *537 application, an amorphous 

silicon thin film sample is processed into a single or polycrystalline silicon thin film by 
generating a plurality of excimer laser pulses of a predetermined fluence, controllably 
modulating the fluence of the excimer laser pulses, homogenizing the modulated laser 
pulses in a predetermined plane, masking portions of the homogenized modulated laser 

10 pulses into pattemed beamlets, irradiating an amorphous silicon thin film sample with 
the pattemed beamlets to effect melting of portions thereof nradiated by the beamlets, 
and controllably translating the sample with respect to the pattemed beamlets and with 
respect to the controlled modulation to thereby process the amorphous silicon thin film 
sample into a single or grain boundary-controlled polycrystalline silicon thin fihn by the 

1 5 sequential translation of the sample relative to the pattemed beamlets and irradiation of 
the sample by pattemed beamlets of varying fluence at corresponduig sequential 
locations thereoiL The following embodiments of the present invention will now be 
described with reference to the foregoing processing technique. 

Fig. lb shows an embodiment of a process according of the present 

20 invention for providing the continuous motion SLS which may utilize the system 
described above. In particular, the computer 100 controls the motion (in the planar X-Y 
direction) of the sample translation stage 180 and/or the movement of the maskmg 
systCTi 1 50. In this maimer, the computer 1 00 controls the relative position of the sample 
170 with respect to the pulsed laser beain 149 and the final pulsed laser beam 164. The 

25 fi:equency and the energy density of the final pulsed laser beam 164 are also controlled 
by the computer 100. 

As described in co-pending patent application no. 09/390,535 (the *"535. 
application") filed on September 3, 1999, and also assigned to the common assignee, the 
entire disclosure of which is mcorporated herein by reference, the sample 170 may be 

30 translated with respect to the laser beam 149, either by moving the masking system 150 
or the sample translation stage 180, in order to grow crystal regions in the sample 170. 
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For example, for the purposes of the foregoing, the length and width of the laser beam 
149 maybe 2cm in the X-direction by Vzcm in the Y-direction (e.g., a rectangular shape), 
but the pulsed laser beam 149 is not limited to such shape and size. Indeed, other shapes 
and/or sizes of the laser beam 149 are, of course, achievable as is known to those having 
5 ordinary skill in the art (e.g., square, triangle, etc.). 

Various masks may also be utilized to create the final pulsed laser beam 
and beamletsl64 fi?om the transmitted pulsed laser beam 149. Some examples of the 
masks are shown in Figs. 2a, 3a, 4a and 6a, a detailed description of which has already 
been provided in the '535 application. For example. Fig. 2a shows a mask 210 

10 incorporating a regular pattern of sUts 220, Fig. 3a shows a mask 310 incorporating a 
pattern of chevrons 320, and Fig. 6a shows a mask 610 incorporating a pattem of 
diagonal lines 620. For the sake of simplicity, provided below is a description of the 
process accordingly to the present invention which utilizes amask 410 (shown in Fig. 4a) 
incorporating apattem of slits 410, each of which may extend as far across on the nin«v 

15 410 as the homogenized laser beam 149 incident on the mask 410 permits, and should 
have a width 440 that is sufficiently narrow to prevent any nucleation fi:om taking place 
in the irradiatedregionofthe sample 170. As discussed in the '535 application, the width 
440 may depend on a number of fectors, e.g., the energy density of the incident laser 
pulse, the duration of the incident laser pulse, the thickness of the silicon thin fihn 

20 sample, the temperature and thermal conductivity of the silicon substrate, etc. 

In the exemplary embodiment shown in Fig. lb, the sample 170 has the 
size of 40cm in the Y-direction by 30cm in the X-directioa The sample 170 is 
conceptually subdivided into a number of columns (e.g., a first column 5, a second 
column 6, etc.), and the location/dimension of each column is stored in a storage device 

25 of the computer 100, and utilized by the computer 100 . Each of the columns is 
dimensioned, e.g., 2cm in the X-direction by 40cm in the Y-direction. Thus, the sample 
170 may be conceptually subdivided mto, e.g., fifteen columns. It is also conceivable to 
conceptually subdivide the sample 170 into columns having different dimensions (e.g., 
3cm by 40cm columns, etc.). When the sample 170 is conceptually subdivided into 

30 columns, at least a small portion of one column extending for the entire length of such 
column should, be overlapped by a portion of the neighboring column to avoid a 
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possibility of having any imirradiated areas. For ©cample, the overlq)ped area may have 
a width of; e.g., l^m. 

After the sample 170 is conceptually subdivided, a pulsed laser beam 1 1 1 
is activated (by actuating the excimer laser using the computer 100 or by opening the 
shutter 130) and produces the pulsed laser beamlets 164 impinging on a first location 20 
i&om the pulsed laser beam 149), Then, the sample 170 is translated and accelerated in 
the forward Y-direction under the control of the con:q)uter 100 to reach a predetermined 
velocity with respect to the fixed position beamlets in a first beam path 25. Using the 
equation: 

Vmax = Bw»f, 

where Vmax is a maximum possible velocity that tiie sample 170 can be moved with 
respect to the pulsed beamlets 164, Bw is the width of the pattern of the pulsed laser 
beamlets 164 (or the width of the envelope of the pulsed beamlets 164), and f is the 
firequency of the pulsed beamlets 164, the predetermined velocity Vpred can be 
determined using the following: 
Vpred = Vmax - K, 

where K is a constant, and is utilized to avoid apossibility of having any unirradiated 
areas between adjacent irrachated areas. It is also possible to use the system according to 
the present invention illustrated in Fig. la without utilizing the beam attentuator and 
shutter 130, since (as described below) due to the continuous translation of tiie sample 
170, die pulsed beamlets 164 does not have to be blocked or turned off. 

The pulsed beamlets 164 reach an upper edge 10' of the sample 170 when 
the velocity ofthe movement of the sample 170 witii respect to the pulsed laser beam 149 
reaches the predetermined velocity Vpred. Then, the sample 170 is continuously (i.e., 
without stopping) translated in the forward Y-direction at the predetermined velocity 
Vpred so that the pulsed beamlets 164 continue irradiating successive portions of tiie 
sanq)le 170 for an oitire length of a second beam path 30. When tiie pulsed beamlets 1 64 
reach a lower edge 10" of tiie sample 170, flie tiranslation of tiie sample 170 is slowed 
with respect to the pulsed beamlets 164 (in a tiiird beam patii 35) to reach a second 
location 40. After the pulsed beamlets 164 continuously and sequentially irradiated the 
successive portions of the sample 170 along the second beam path 30, these successive 
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portions of the sample 170 are folly melted. It should be noted that after the pulsed 
beamlets 164 pass the lower edge 10" of the sample 170, a crystalized siUcon thin fihn 
area 540 (e.g., grain boundary-controlled polyciystalline silicon thin film) forms in the 
irradiated second beam path 30 area of the sample 170, a portion of which is shown in 
Fig. 5b. This grain boundaiy-controUedpolyciy5tamnesiHconthinfiltnarea540 extends 
for the entire length of the second irradiated beam patfaSO. It should be notedfliatit is not 
necessary to shut down the pulsed laser beam 149 after the pulsed beamlets 164 have 
crossed the lower edge 10" of the sample 170 because it is no longer irradiating the 
sample 170. 

Thereafter, to eliminate the numerous small initial crystals 541 that form 
at melt boundaries 530 and while the location along the Y-direction of the pulsed 
beamlets 164 is fixed, the sample 170 is microtranslated for a predetermined distance 
(e.g., 3 micrometers) in the X-direction along a fourth beam path 45 to reach a third 
location 47, and is then accelerated in the reverse Y-direction (toward the top edge 10' 
of the sample 170) under the control of the computer 100 to reach the predetemiined 
velocity of translation with respect to the pulsed beamlets 164 along a fourth beam path 
50. The pulsed beamlets 164 reach the lower edge 10" of the sample 170 when the 
velocity of the sample 170 with respect to the pulsed beamlets 164 reaches the 
predetermined velocity Vpred. The sample 170 is continuously translated (i.e., without 
stopping) in the reverse Y-direction at the predetermined velocity Vpred so that the 
pulsed beamlets 164 irradiate the sample 170 for the entire length of a fifth beam path 55. 
When the sample 170 is translated under the control of the computer 100 so that the 
pulsed beamlets 164 reach the upper edge 10' of the sample 170, the continuous 
translation of the sample 170 is again slowed with respect to the pulsed beamlets 1 64 (in 
a sixth beam path 60) to reach a fourth location 65. The result of such irradiation of the 
fifth beam path 55 is that regions 551, 552, 553 of the sample 170 (shown in Fig. 5b) 
cause the remaining amorphous silicon thin fikn 542 and the initial crystallized regions 
543 of the polycrystalline silicon thin fihn area 540 to melt, while leaving the central 
section 545 of the polycrystalline silicon thin fihn to remain solidified. After the pulsed 
beamlets 164 continuously and sequentially irradiated the successive portions of the 
sample 170 along the fifth beam path 55, these successive portions of the sample 170 are 
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fully melted. Thus, as a result of the laser beam 149's continuous (i.e., without a 
stoppage) irradiation of the first column 5 for its entire length in the fifth beam path 55, 
the crystal structure which forms the central section 545 outwardly grows upon 
soUdification of melted regions 542, 542 of the thin fihn which were formed as a result 
of the continuous irradiation along the second beam path 30. Thus, a directionally 
controlled long grained polycrystalline siUcon thin fiJm is formed on the sample 170 
along the entire length of the fifth beam path 55. A portion of such crystallized structure 
is illustrated in Fig. 5c. Therefore, using the continuous motion SLS procedure described 
above, it is possible to continuously form the illustrated crystallized stracture along the 
entire length of the column of the sample i70. 

Then, the sample 170 is stepped to the next column 6 to reach a fifth 
location 72 via a seventh beam path 70, and the sample is allowed to setUe at that 
location to allow any vibrations of the sample 170 that may have occurred when the 
sample 170 was stepped to the fifth location 72 to cease. Indeed, for the sample 170 to 
reach the second column 6, it is stepped approximately 2cm for the columns having a 
width (in the X-direction) of 2cm. The procedure described above wifli respect to the 
irradiation of the first column 5 may then be repeated for the second column 6. hi this 
manner, aU columns of the sample 170 can be properly irradiated with only a minimal 
settUng time which may be required for the sample 170 to settle (and thus wait for the 
vibrations of the sample 170 to stop). Indeed, the only time that maybe required for 
settling the sample 170 is when the laser has completed the irradiation of an entire 
column (e.g., the first column 5) of the sample 170, and the sample 170 is stepped to the 
next column (e.g., the second column 6) of the sample 170. Using the exemplary 
dimensions of the sample 170 described above (30cm by 40cm), since each column is 
dimensioned 2cm by 40cm, there are only 15 columns that must be iwadiated for tiiis 
exemplary sample 170. Accordingly, the number of "step and settle" delays that may 
occur for the exranplary sample 170 is either 14 or 15. 

To illustrate the time savings in using the continuous motion SLS 
procedure according to the present invention for producing the crystallized silicon thin 
fihn, it is possible that the time it takes to translate the sample 1 70 (which has the sample, 
column and laser beam dimensions discussed above) for the entire lengths in the various 
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travel palhs of the saiiq)le 170 is estimated below: 
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0.1 seconds, 

0.5 seconds (since the sample 170 does not 
have to stop and settle for the entire length 
of a column, and translates continuously), 
0.1 seconds, 
0.1 seconds, 
0.1 seconds, 

0.5 seconds (again because the sample 170 
does not have to stop and settle for the 
entire length of a column, and translates 
continuously), 
0.1 seconds, and 
0.1 seconds. 

Thus, the total time that it takes to completely iiradiate each column 5, 6 of the sample 
is 1.6 seconds (or at most, e.g., 2 seconds). Thus, for 15 columns of the sample 170, the 
total time that ittakes to form the grain boundaiy-controlledpolycrystalline structure thin 
fihn (for the entire sample 170) is approximately 30 seconds. 

As indicated above, it is also possible to use different dimensions and/or 
shapes for cross-sectional area of the laser beam 149. For exanq)le, it is possible to use 
the pulsed laser beam 149 which has the cross-sectional area dimensioned 1cm by 1cm 
(i.e., a square shape). It should be appreciated that it is advantageous to use the diameter 
of the pulsed beamlets 164 as one of the dimension parameters of the columns. In this 
instance, the 30cm by 40cm sample 170 may be conceptually subdivided into 30 
columns, each column bemg dimensioned 1cm in the X-direction by 40 cm in the Y- 
direction (assuming a cross-section of a diameter of the pattern of the pulsed beamlets 
164 of 1cm). Using such a pattem of the pulsed beamlets 164, it may be possible to 
increase the predetermined velocity Vpred for translating the sample 170, and possibly 
decrease the total energy of the pulsed laser beam 149. In this manner, mstead of 



the first beam path25 - 
the second beam path 30 ■ 



file tbiid beam path 35 - 
the fourth beam path 45 • 
the fifth beam path 50 - 
the sixth beam patii 55 - 



the seventh beam path 60 
the eight beam path 70 - 
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iiradiating flie sanq)le via 15 colmnns, the system and method accoiding to the present 

invention would irradiate the sample via 30 columns. Even tiiough it may take longer to 

step and settle from column to column for 30 columns (as opposed to 15 colmnns 

described above), the speed of the sample translation may be increased because, due to 

5 the column's smaller widtii, flxe intensity of the pulsed laser beam 149 can be greater, as 

a result of concentrating the laser pulse energy into a smaller beamlet pattan, to provide 

effective crystallization of the sample 170, and the total time to complete the irradiation 

of the sample 170 may not be significantly higher than that for the sionple which has 15 
columns. 

1 0 According to the preseat invention, any made described and shown in the 

*535 application maybe used for the continuous motion SLS procedure illustrated in Fig. 
lb. For example, when the mask 3 1 0 is used m masking system 1 50, a processed sample 
(i.e., a portion 350 shown in Fig. 3b having crystallized regions 360) is produced. Each 
crystal region 360 will consist of a diamond shaped single crystal region 370 and two 

1 5 long grained, directionally controlled grain b(^undary polyciystalline silicon regions 380 
in the tails of each dievron. One may also use a mask 610 (shown in Fig. 6a) 
incorporating a pattern of diagonal sHts 620. For this mask 610, when the sample 170 
is continuously translated in the Y-direction, and the mask 610 is used in the masking 
system 150 of Fig. la, a processed sample (a portion 650 shown in Fig. 6b having 

20 crystallized regions 660) is produced. Each ciystalUzed region 660 will consist of long 
grained, crystalline regions wifli directionally-controlled grain boundaries 670. 

It is also possible to irradiate the sample 170 along the columns which are 
not parallel to the edges of the square sample 170. For example, flie columns may extend 
at approximately 45 degree angle with respect to the edges of the sample 170. The 

25 computer 100 stores start and end points ofeach column and is citable of performing the 
procedure shown in Fig. lb along parallel columns which are slanted at, e.g.j 45 degrees 
with respect to the edges of the sample 170. The sample 170 can also be irradiated along 
parallel columns which are slanted at other angles with respect to the edges of the sample 
170 (e.g., 60 degrees, 30 degrees, etc.). 

30 In another exemplary embodiment of the method accordmg to the present 

invention which is shown in Fig. 7, the sample 170 is conceptually subdivided into a 



wo 01/71786 



PCTAISOl/07724 



13 

number of colmnns. After the sample 170 is subdivided, the pulsed laser beam 149 can 
be turned on (by actuatmg ttie excimer laser using the computer 100 or by opening the 
shutter 130) so that it produces the pulsed beamlets 164 which initially impinge on the 
first location 20 (similarly to the embodiment illustrated in Fig. lb). Then, the sanq)le 
5 1 70 is translated and accelaated in flie Y-direction under the control of the computer 1 00 
to reach the predetennined sample translation velocity Vpred with respect to the pulsed 
beamlets 164 in a first beam path 700. The pulsed beamlets 164 (and the beamlets) reach 
an upper edge 10' of the sample 170 when the vielocity of the translation of the sample 
170 with respect to the pulsed laser beam 1 49 reaches the predetermined velocity Vpred. 

10 Then, the sample 170iscontinuously(i.e.,withoutstopping)translatedinthe Y-direction 
at the predetermined velocity Vpred continuously and sequentially so that the pulsed 
beamlets 164 irradiate tiie sample 170 for an entire length of a second beam path 705. 
When the pulsed beamlets 164 reach the lower edge 10" of the sample 170, the 
translation of the sample 170 is slowed with respect to the pulsed beamlets 1 64 (in a third 

15 beam path 710) to reach a second location 715. It should be noted that after the pulsed 
beamlets 164 pass the lower edge 10" of the sample 170, the entire portion of the sample 
170 along the second beam path 705 has undergone sequential full melting and 
solidification. 

The sample 1 70, without microtranslating in the X-direction, is translated 
20 back ui the opposite Y-direction toward the upper edge 10' of the sample 170. In 
particular, the sample 1 70 is accelerated in the negative Y-direction under the control of 
the computer 100 along a fourth beam path 720 to reach the predetermined sample 
translation velocity Vpred prior to reaching the lower edge 10" of the sample 170. Then, 
the sample 170 is continuously (i.e., without stopping) translated in the negative Y- 
25 direction at the predeterauned velocity Vpred so that the pulsed beamlets 164 
continuously and sequentially irradiate the sample 170 along the entire length of a fifth 
beam path 725 (along the path of the second beam path 705). Whai the pulsed beamlets 
164 reach the upper edge 10' of the sample 170, the translation of the sample 170 is 
slowed with respect to the pulsed beamlets 164 (in a sixth beam path 730) until the 
30 beamlets 164 unpinge on the first location 20. It should be noted that after the pulsed 
beamlets 164 pass the vpp&c edge 10' of the sanq)le 170, the entire portion of the sample 
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170 which was irradiated along tiie second beam path 705 has undergone sequential 
melting and solidification. Accordingly, when this pass is completed, the surface of the 
sample 170 corresponding to the fifth beam path 725 is partially melted and resolidified. 
In this manner, the resulting film surface may be fiirttier smootiied out In addition, using 
this technique, the energy output of the pulsed laser beam 149 (and of flie pulsed 
beamlets 164) may be decreased to effectively smooth out the surfece of the film 
Similarly to the technique of Fig. lb, a grain boundary-controlled polycrystalline silicon 
thin fihn area 540 forms in the irradiated regions of the sample 170, a portion of which 
is shown in Fig, 5b. This grain boundary-controlled polycrystalline silicon thin fihcn area 
540 extends for tiie entire length of the second and fifth irradiated beam paths 705, 725. 
Again, it is not necessary to shut down the pulsed laser beam 149 after the pulsed 
beamlets 164 have crossed the lower edge lO" of the sample 170, and is no longer 
irradiates the sample 170. 

Thereafter, the sample 170 is microtranslated for apredetermined distance 
(e.g., 3 micrometers) in the X-direction along a sevaith beam path 735 until the pulse 
beamlets impinge on a third location 740, and is then again accelerated in the forward Y- 
direction (toward tiie lower edge 10" of the sample 170) under tiie contix)l of the 
conq)uter 100 to reach the predetermined velocity Vpred witii respect to the pulsed 
beamlets 164 along an ei^th beam path 745. The pulsed beamlets 164 reach an upper 
edge 10' of tiie sample 170 when tiie velocity of translation of the sample 170 witii 
respect to tiie pulsed beamlets 164 reach the predetermined velocity Vpred. Then, flie 
sample 170 is continuously (i.e,, wifliout stopping) translated in flie forwai^ Y-diiection 
at the predetermined velocity Vpred so ttiat tiie pulsed beamlets 164 continuously and 
sequentially irradiate tiie sample 170 for an entire lengfli of a nintii beam patii 750. When 
tiie pulsed beamlets 164 reach tiie lower edge 10" of tiie sample 170, the ti^lation of 
the sample 170 is slowed witii respect to tiie pulsed beamlets 164 (in a tentii beam patii 
760) until tiie pulsed beamlet 164 impinge on a fourth location 765. It should be noted 
that after tiie final pulsed laser beam 164 pass the lower edge 10" of the sample 170, the 
entire portion of the sample 170 which was irradiated along the ninth beam path 750 has 
undergone sequential fiill melting and resoUdification. 
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Thereafter, without mi(ax)translatmg, the direction of the 
sample 170 is again reversed (via beam paths 770, 775, 780), and these paths of the 
sample 170 are again each continuously and sequentially irradiated by continuously 
translating the sample 1 70 in the revarse Y-direction (which also extends along the ninth 
beam path 750) at the predetemuned velocity Vpred. Accordingly, when this pass is 
conq)leted, the surface of the sample 170 corresponding to flie beam path 775 is partially 
melted and resolidified. The surfece of these paths 745-780 is smoo&ed out as a result 
of the forward and reverse Y-direction translation and irradiation along the same beam 
path of the sample 170 (without microtranslation). The final product of such procedure 
is the creation of large-grained, gramboundary-controlled crystalized structure along the 
entire column (e.g., dimensioned 2cm by 40cm) of the sample 170, having a flat (or 
flatter) sur&ce. 

Then, the sample 170 is stepped to the next column (i.e., the second 
column 6) until the beamlets impinge on a fifth location 790 via another beam path 785, 
and the sample 170 is allowed to settle to damp out any vibrations of the sample 170 and 
stage 180 that may have occurred when the sanq)le 170 was stepped where the pulsed 
beamlets 1 64 unpinge on the fifth location 790, The procedure is repeated for all columns 
of the sample 170, similarly to the procedure described above and illustrated in Fig. lb. 

Referring next to Fig. 8, the steps executed by computer 1 00 to control the 
thin siUcon fihn crystallization growth method implemented according of the procedure 
shown in Fig. lb and/or Fig. 7 is described bejow. For example, various electronics of 
the system shown in Fig. la are initialized in step 1000 by the computer 100 to initiate 
the process. A thin amorphous silicon fihn sample on a substrate 170 is then loaded onto 
the sample translation stage 180 in step 1005. It should be noted that such loading may 
be either manual or robotically implemented under the control of the computer 1 00. Next, 
the sample translation stage 180ismovedintoaninitialpositioninstep 1015,whichmay 
include an aligmnent with respect to reference features on the sample 170. The various 

optical conq)onentsofthe Systran are adjusted and focused in step 1020,if necessary. The 
laser is then stabilized in step 1025 to a desired energy level and pulse repetition rate, as 
needed to fiilly melt the amorphous silicon sample over the cross-sectional area of each 
pulsed beamlet incident on the sample in accordance with the particular processing to be 
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carried out. If necessary, the attenuation of the pulsed beamlets 164 is finely adjusted in 
step 1030. 

Next, the shutter can be opened (or the computer activates to turn on the 
pulsed laser beam 149) in step 1035 to irradiate the sample 170 by the pulsed beamlets 
5 1 64 and accordingly, to commence the continuous moidon sequential lateral solidification 
method illustrated in Figs, lb and 7. The sample is translated in the Y-dnection 
contmuously while a first beam path of the sample (e.g., the sample along the second 
beam path 30) is continuously and sequentially irradiated (step 1040). The sample 170 
is translated in the Y-direction continuoxisly at the predetermined velocity Vpred while 

10 a second beam path of the sample (e.g., the sample along the sixth beam path 55) is 
sequentially and continuously irradiated (step 1045). With respect to Fig. lb, this can be 
seen by the continuous translation of the sample 170 along the second beam path 30 
while the sample 170 is being continuously and sequentially irradiated, then slowing 
down along the third beam path 35, microtranslating the sample along the X-direction 

15 along the fourth beam path 45, waiting for the sample 170 to settle, accelerating along 
the fifth beam path 50, and then continuously translating the sample 1 70 along the sixth 
beam path 55 while the sample 170 is bemg continuously and sequentially irradiated, in 
this manner, an entire column of the sample 170 is sequentially irradiated. If some 
portion of the current colmnn of the sample 170 is not irradiated, the computer 100 

20 controls the sample 170 to contiuuously translate at thepredetermined velocity Vpred in 
a particular direction so that another portion of the current column of the sample 170 
which has not yet been irradiated, is irradiated (step 1055). 

Then, if the crystallization of an area of the sample 170 has been 
completed, the sample is repositioned with respect to the pulsed beamlets 164 in steps 

25 1065, 1066 (i.e., moved to the next column or row - the second column 6) and the 
crystallization process is repeated on the new path. If no further paths have been 
designated for crystallization, the laser is shut off in step 1070, the hardware is shut down 
in step 1075, and the process is completed in step 1080, Of course, if processing of 
additional samples is desired or if the present invention is utilized for batch processing, 

30 steps 1005, 1010, and 1035 - 1065 can be repeated on each sample. It is well understood 
by those having ordinary skill in the art that the sample may also be continuously 
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translated in the X-direction, and microtranslated in the Y-direction. Indeed, it is possible 
to continuously translate the sample 170 in any direction so long as the travel paths of the 
pulsed beamlets 164 are parallel, continuous and extend from one edge of the sample 170 
to another edge of the sample 170. 

The foregoing merely illustrates the principles of the present invention. 
Various modifications and alterations to the described embodiments will be apparent to 
those skilled in the art in view of the teachings herein. For example, the thin amorphous 
or polycrystalline silicon film sample 170 may be replaced by a sample having pre- 
patterned islands of such silicon film. In addition, while the exemplary embodiments 
above have been described for laser systems in which the laser beams are fixed and 
preferably not scannable, it should be recognized that the method and system according 
to the present invention can utilize a pxilsed laser beam which can be deflected at a 
constant speed along a path of a fixed sample. It will thus be appreciated that those 
skilled in the art will be able to devise numerous systems and methods which, although 
not explicitly shown or described herein, embody the principles of the present invention, 
and are thus within the spirit and scope of the present invention. 
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CLAIMS 



10 



Amethod forprocessing a silicon thin film sample to produce a crystalline silicon 
thin film, the fihn sample having a first edge and a second edge, the method 
comprising the steps of: 

(a) controlling a laser beam generator to emit a laser beam; 

(b) masking portions of the laser beam to generate patterned beamlets, each 
of the patterned beamlets impinging on the film sample and having an 
intensity which is sufficient to melt the film sample; 

(c) continuously scanning, at a first constant predetermined speed, the film 
sample so that impingement of the pattemed beamlets moves along a first 
path on the film sample between the first edge and the second edge with 
the patterned beamlets; and 

(d) continuously scanning, at a second constant predetermined speed, the fihn 
sample so that impingement of the pattemed beamlets moves along a 
second path on the film sample between the first edge and the second 
edge with the pattemed beamlets. 

The method of claim 1, 

wherein step (c) comprises: 

continuously translating the fihn sample so that the pattemed beamlets 
sequentially irradiate first successive portions of the fihn sample along the 
first path, wherein the first portions are melted while being irradiated, and 

wherein step (d) comprises: 

contmuously translating the fihn sample so that the pattemed beamlets 
sequentially irradiate second successive portions of the fihn sample along 
the second path, wherein the second portions are melted while being 
irradiated 
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3. The method of claim 2, 

wherein, after the film sample is translated along the first path to irradiate a next 
first successive portion of the film sample, the previously irradiated first portion 
is resolidified, and 

5 wherein, afi;er the film sample is translated along the second path to irradiate a 

next second successive portion of the film sample, the previously irradiated 
second portion is resolidified. 

4. The method of claim 1 , 

wherein the first path is parallel to the second path, 
10 wherein, in step (c), the film sample is continuously scanned in a first direction, 

and 

wherein, in step (d), the film sample is continuously scanned in a second 
direction, the first direction being opposite to the second direction, 

5- The method of claim 1, wherein the first edge is located on a side of the film 
15 sample which is opposite firom a side of the fihn sample where the second edge 

is located. 



The method of claim 2, finiher comprismg the steps of: 

(e) before step (d), positioning the film sample so that the patterned beamlets 
impinge on at a first location outside of boundaries of the film sample 
with respect to the film sample; and 

(f) after step (e) and before step (d), microtranslating the fihn sample so that 
impingement of the patterned beamlet moves &om the first location to a 
second location, 

wherein step (d) is initiated when the patterned beamlets impinge on the second 
location. 
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7. The .method of claim 6, further comprising the steps of: 

(g) after step (d), translating the fihn sample so that the patterned beamlets 
impinge on a third location which is outside the boundaries of the fihn 
sample; 

5 (h) after step (g), stepping the film sample so that impingement of the 

pattemed beamlets moves from the third location to a fourth location, the 
fourfli location being outside of the boundaries of the film sample; and 
(i) after step (h), maintaining the film sample so that the pattemed beamlets 
impinge on the fourth location until any vibration of the fihn sample is 
10 damped out 

8. The method of claim 7, fiirther comprising the step of: 

0) after step (i), repeating steps (c) and (d) for respective third and fourth 
paths of the pattemed beamlets on the film sample. 

9. The method of claim 2, 

1 5 wherein, in step (c), the film sample is continuously scaimed in a fiist direction, 

and 

wherein, in step (d), the film sample is continuously scanned in a second 
direction, and fiirther comprising the steps of: 

(k) afterstep (c), continuously translatmg at the first constant predeterm^ 
20 speed the film sample so that impingement of the pattemed beamlets 

moves along the first path to reach a first location, wherein the pattemed 
beamlets irradiate the first successive portions of the film sample, the film 
sample being translated in a direction which is opposite to the first 
direction; 

25 (1) after step (k) and before step (d), microtranslating the fihn sample so that 

impingement of the pattemed beamlets moves from the first location to 
a second location, the second location being outside of boundaries of the 
film sample; and 

(m) after steps (1) and (d), continuously translating at the second constant 
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predetemined speed the film sample so that impingement of the pattemed 
beamlets moves along the second path to reach the second location, 
wherein the pattemed beamlets irradiate the second successive portions 
of the film sample, the fihn sample being translated in a direction which 
is opposite to the second direction. 

1 0. The method of claim 9, fiirther comprising the steps of: 

(n) after step (m), stepping the fihn sample so that impingement of the 

pattemed beamlets moves firom outside the boundaries of the film sample 

firom the second location to a third location; and 
(o) maintaining the fihn sample so that the pattemed beamlets impinge on the 

third location until any vibration of the film sample is damped out. 

1 1 • The method of claim 10, further comprising the step of: 

(p) after step (p), repeating steps (c), (d), (k), (1) and (m) so that impmgement 
of the pattemed beamlets moves along respective third and fourth paths 
on the film sample. 

12. A system for processing a polyciystalline silicon thin film sample into a 
crystalline thin fihn, the fihn sample having a first edge and a second edge, the 
system comprising: 

a memory storing a computer program; and 

a processing arrangement executing the computer program to perform the 
following steps: 

(a) controlling a laser beam generator to emit a laser beam, 

(b) maskmg portions of the laser beam to generate pattemed 
beamlets, each of the pattemed beamlets impinging on the film 
sample having an intensity which is sufficient to melt the fihn 
sample, 

(c) contmuouslyscanning,atafirstconstantpredetermmedspeed,the 
fihn sample so that unpingement of tiie pattemed beamlets moves 





wo 01/71786 



PCTAJSOl/07724 



22 



along a first path on the film sample betweoi the first edge and 



13. 

10 
15 

14. 

20 



tile second edge with the patterned beamlets, and 
(d) contmuouslyscannmg,atasecondconstantpredetenmnedspeed, 
the fihn smaple so that impingement of &e patterned beamlets 
moves along a second path on the film sample between the first 
edge and the second edge with the patterned beamlets. 

The system of claim 12, 

wherein, during tiie execution of step (c), the processing arrangement 
continuously translates the fiJm sample so that impingement of the patterned 
beamlets moves along the first path, wherein the patterned beamlets irradiate 
successive first portions of the film sample, the first portions being melted while 
being irradiated, and 

wherein, during the execution of step (d), the processing arrangement 
continuously translates the film sample so that impingement of the patterned 
beamlets moves along the second path, wherein the patterned beamlets irradiate 
successive second portions of the fihn sample, tiie second portions being melted 
while being irradiated. 

The system of claim 13, 

wherein, after the processing arrangement causes the translation of the fihn 
sample so that the patterned beamlets irradiate a next first successive portion 
along the first path of the fihn sample, the previously kradiated first portion along 
the first path is resolidified, and 

wherein, after the processmg arrangement causes the translation of the film 
sample so that the patterned beamlets irradiate a next successive second portion 
along the second path ofthe fihn sample, the previously irradiated secondportion 
along the second path is resolidified. 



15. 



The system of claim 12, 

wherein the first path is parallel to the second padi. 
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wherein, while executing step (c), the processing arrangement causes the fihn 
sample to be continuously scanned in a first direction, and 
wherein, while executing step (d), the processing arrangement causes the fihn 
sample to be continuously scanned in a second direction, the first direction bemg 
S oppoate to the second direction. 

16. The system of claim 12, wherein the first edge is located on a side of the fihn 
sample which is opposite fi-om a side of the fihn sample at which the second edge 
is located. 

17. The system of claim 13, 

10 wherein the processing arrangement executes the following additional steps: 

(e) before step (d), positioning the fihn sample so that the patterned 
beamlets impinge on a first location outside of boundaries of the 
fihn san:5)le with respect to the fihn sample, and 

(f) after step (e) andbefore step (d), microtrahslatingflie fihn sample 

so that impmgement of the patterned beamlets moves fiom the 

first location to a second location, and 
wherein theprocessing arrangement executes step (d) withthepattemedbeamlets 
mitiaUy impmgmg on the second location. 

18. The system of claim 17, wherein the processing arranganent executes the 
20 foUowing additional stq)s: 

(g) after step (d), translating the fihn sample so that impingement of 
the patterned beamlets moves to a tturd location which is outside 
the boundaries of the film sample, 

(h) after step (g),stq)ping the film sample so that impingement of the 
pattemed beamlets moves from the third location to a fourth 
location, the fourth location bemg outside of the boundaries of tiie 
fihn sample, and 

(i) after step (h), mamtaining the fihn sample so that the pattemed 
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beamlets impinge on the fourfh location until any vibration of the 
fihn sample is damped out 

19. The system of claim 18, wherein the processing arrangement executes the 
following additional step: 

5 0) after step (i), repeating steps (c) and (d) for impingement of the 

patterned beamlets along respective third and fourth paths on the 
fihn sample. 

20. The system of claim 13, 

wherein, while executing step (c), the processing arrangCTOient continuously 
10 translates the film sample in a first direction, 

wherein, while executing step (d), the processing arrangement continuously 

translates the film sample in a second direction, and 

wherein the processing arrangement executes the following additional steps: 

(k) after step (c), continuously translating at the first constant 
1 5 predetermined speed the fihn sample so that impingement of the 

patterned beamlets moves along the first path to reach a first 
location, wherein the pattemed beamlets sequentially irradiate the 
first successive portions of the film sample, the filrn sample being 
translated in a direction which is opposite to the first direction, 
20 (1) after step (k) and before step (d), miccotranslating the fihn sample 

so that impingement of the pattemed beamlets moves from the 
first location to a second location, the second location being 
provided outside of boundaries of the film sample^ and 
(m) after steps (1) and (d), continuously translating at the second 
25 constant predetermined speed the film sample so fliat 

impingement of the pattemed beamlets moves along the second 
path to reach the second location so that the pattemed beamlets 
sequentially irradiate the second successive portions of the fihn 
sample, the film sample being translated in a dkection which is 
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opposite to the second directioiL 

21. The system of claim 20, wherein the processing arrangement executes the 
following additional steps: 

(n) after step (m), stepping the fihn sample so that impingement of 
the pattemed beamlets moves fiom outside the boundaries of the 
fihn sample from the second location to a third location, and 

(o) maintaining the fihn sample so that the pattemed beamlets 
impinge on the thhd location until any vibrating of the film 
sample is damped out 

22, The system of claim 21, wherein the processing arrangement executes the 
following additional step: 

(p) after step (p), repeating steps (c), (d), (k), G) and (m) for moving 
the impingement of the pattemed beamlets along respective third 
and fourth paths on the film sample. 
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^ (57) Abstract: A method and apparatus for processing a thin metal layer on a substrate to control the grain size, gxain shape, and 
^ grain boundary location and orientation in the metal layer by irradiating the metal layer with a fiist excimer laser pulse having an 

intensity pattern defined by a mask to have shadow regions and beamlets. Each region of the metal layer overiapped by a beamlet is 

melted throughout its entire thickness, and each region of the metal layer overlapped by a shadow region remains at least partially 
\0 unmelted. Each at least partially unmelted region adjoins adjacent melted regions. After irradiation by the first excimer laser pulse, 
00 the melted regions of the metal layer are pennitted to resolidify. During resolidification. the at least partially unmelted regions seed 

growth of grains in adjoining melted regions to produce laiger grains. After completion of resolidification of the melted regions 
^ following irradiation by the first excimer laser pulse, the metal layer is irradiated by a second excimer laser pulse having a shifted 

intensity pattern so that the shadow regions overlap regions of the metal layer having fewer and laiger grains. Each region of the 
g metal layer overlapped by one of the shifted beamlets is melted throughout its entire thickness, while each region of the metal layer 

overlapped by one of the shifted shadow regions remains at least partially unmelted. During resolidification of the melted regions 
O after irradiation by the second radiation beam pulse, the larger grains in the at least partially unmelted regions seed growth of even 
^ larger grains in adjoining melted r^ons. The irradiation, resolidification and le-inadiation of the metal layer may be repeated, as 
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(57) Abstract: Methods for processing an amorphous silicon (542) thin fihn sample (170) into a polyaystalline silicon (540) diin 
film are disclosed. In one preferred axrangement, a method includes the steps of generating a sequence of excimer las^ pulses (164), 
controUably modulating each excimer laser (110) pulse in the sequence to a predetermined fluency, homogenizing each modulated 
laso- pulse in the sequence in a piedet^mined plane, masking portions of each homogenized fluency controlled laser pulse in the 
sequence with a two dimensional pattern of slits (220) to generate a sequence of fluency controlled pulses of line patterned beamlets, 
each slit in the pattern of slits being sufficiently narrow to prevent inducement of significant nucleation in region of a silicon ttiin 
film sample irradiated by a beamlet conesponding to the slit, irradiating an amorphous silicon thin film sample with the sequence 
of fluency controlled slit patterned beamlets to effect meldng of portions thereof corresponding to each flueniy controlled pattened 
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METHODS FOR PRODUCING UNIFORM LARGE-GRAINED 
AND GRAIN BOUNDARY LOCATION MANIPULATED 
POLYCRYSTALLINE THIN FILM SEMICONDUCTORS USING 
SEQUENTLU. LATERAL SOLIDIFICATION 

5 SPECIFICATION 

BACKGROUND OF THE INVENTION 
I. Field of the invention. 

The present invention relates to techniques for semiconductor processing, 
and more particularly to semiconductor processing which may be performed at low 
10 temperatures. 

n. Description of the related art. 

In the field of semiconductor processing, there have been several attempts 
to use lasers to convert thin amorphous silicon films into polycrystalline fihns. For 
example, m James Im et al., "Crystallme Si Films for Integrated Active-Matrix Liquid- 

1 5 Crystal Displays," 1 1 MRS Bullitin 39(1 996), an overview of conventional excimer laser 
annealing technology is presented. In such a system, an excimer laser beam is shaped 
into a long beam which is typically up to 30 cm long and 500 micrometers or greater in 
width. The shaped beam is scanned over a sample of amorphous silicon to facilitate 
melting thereof and the formation of polycrystalline silicon upon resolidification of the 

20 sample. 

The use of conventional excimer laser annealing technology to generate 
polycrystalline silicon is problematic for several reasons. First, the polycrystalline 
silicon generate in the process is typically small grained, of a random microstructure, 
and having a nonuniform grain sizes, therefore resulting in poor and nonuniform devices 
25 and accordingly, low manufacturing yield. Second, in order to obtain acceptable 
performance levels, the manufacturing throughput for producing polycrystalline silicon 
must be kept low. Also, the process generally requires a controlled atmosphere and 
preheating of the amorphous silicon sample, which leads to a reduction in throughput 
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rates. Accordingly, there exists a need in the field to generate higher quality 
polycrystalline silicon at greater throughput rates. There likewise exists a need for 
manufacturing techniques which generate larger and more uniformly microstructured 
polycrystalline silicon thin films to be used in the fabrication of higher quality devices, 
S such as flat panel displays. 

SUMMARY OF THE INVENTION 
An object of the present invention is to provide techniques for producing 
uniform large-gramed and grain boundary location controlled polycrystalline thin film 
semiconductors using the sequential lateral solidification process. 
1 0 A further object of the present invention is to form large-grained and grain 

boundary location manipulated polycrystalline silicon over substantially the entire 
semiconductor sample. 

Yet another object of the present invention is to provide techniques for the 
fabrication of semiconductors devices usefiil for fabricating displays and other products 
15 where the predominant orientation of the semiconductor grain boimdaries may be 
controUably aligned or misaligned with respect to the current flow direction of the 
device. 

In order to achieve these objectives as well as others that will become 
apparent with reference to the following specification, the present invention provides 

20 methods for processing an amorphous silicon thin film sample into a polycrystalline 
silicon thin fihn are disclosed. In one preferred arrangement, a method includes the steps 
of generating a sequence of excimer laser pulses, controllably modulating each excimer 
laser pulse in the sequence to a predetermined fluence, homoginizing each modulated 
laser pulse in the sequence in a predetermined plane, masking portions of each 

25 homoginized fluence controlled laser pulse in the sequence with a two dimensional 
pattern of slits to generate a sequence of fluence controlled pulses of line patterned 
beamlets, each slit in the pattern of slits being sufficiently narrow to prevent inducement 
of significant nucleation in region of a sihcon thin film sample irradiated by a beamlet 
corresponding to the slit, irradiating an amorphous silicon thin film sample vvith the 

30 sequence of fluence controlled slit patterned beamlets to effect melting of portions 
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thereof corresponding to each fluence controlled patterned beaml et pulse in the sequence 
of pulses of patterned beamlets, and controUably sequentially translating a relative 
position of the sample with respect to each of the fluence controlled pulse of slit 
patterned beamlets to thereby process the amorphous silicon thin fihn sample into a 
5 single or polycrystalline silicon thin fihn. 

In a preferred arrangement, the masking step includes masking portions 
of each homoginized fluence controlled laser pulse in said sequence with a two 
dimensional pattern of substantially parallel straight slits spaced a predetermined distance 
apart and linearly extending parallel to one direction of said plane of homoginization to 

10 generate a sequence of fluence controlled pulses of slit patterned beamlets. 
Advantageously, the translating provides for controUably sequentially translating the 
relative position of the sample in a direction perpendicular to each of the fluence 
controlled pulse of slit patterned beamlets over substantially the predetermined slit 
spacing distance, to the to thereby process the amorphous silicon thin film sample into 

1 5 polycrystalline silicon thin film having long grained, directionally controlled crystals. 

In an especially preferred arrangement, the masking step comprises 
masking portions of each homoginized fluence controlled laser pulse in the sequence 
with a two dimensional pattern of substantially parallel straight slits of a predetermined 
width, spaced a predetermined distance being less than the predetermined width apart, 

20 and linearly extending parallel to one direction of the plane of homoginization to generate 
a sequence of fluence controlled pulses of slit pattemed beamlets. In this arrangement, 
translating step comprises translating by a distance less than the predetermined width the 
relative position of the sample in a direction perpendicular to each of the fluence 
controlled pulse of slit pattemed beamlets, to the to thereby process the amorphous 

25 silicon thin fihn sample into polycrystalline silicon thin film having long grained, 
directionally controlled crystals using just two laser pulses. In one exemplary 
embodiment, the predetermined width is approximately 4 micrometers, the 
predetermined spacing distance is approximately 2 micrometers, and the translating 
distance is approximately 3 micrometers. 

30 In an alternative preferred arrangement, the masking step comprises 

masking portions of each homoginized fluence controlled laser pulse in the sequence 
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with a two dimensional pattern of substantially parallel straight slits spaced a 
predetemiined distance apart and linearly extending at substantially 45 degree angle with 
respect to one direction of the plane of homoginization to generate a sequence of fluence 
controlled pulses of slit patterned beamlets. In this arrangement, the translating step 
5 provides for controllably sequentially translating the relative position of the sample in a 
direction parallel to the one dhection of the plane of homoginization over substantially 
the predetermmed slit distance, to thereby process the amorphous silicon thin film sample 
into polycrystalline silicon thin film having long grained, directionally controlled crystals 
that are disoriented with respect to the XY axis of the thin silicon film. 

1 0 In yet another preferred arrangement, the masking step comprises masking 

portions of each homoginized fluence controlled laser pulse in the sequence with a two 
dimensional pattern of intersecting straight slits, a first group of straight slits being 
spaced a first predetermined apart and linearly extending at substantially 45 degree angle 
v^th respect to a fu-st direction of the plane of homoginization, and a second group of 

1 5 straight slits being spaced a second predetermined distance apart and linearly extending 
at substantially 45 degree angle with respect to a second direction of the plane of 
homoginization and intersecting the first group at substantially a 90 degree angle, to 
generate a sequence of fluence controlled pulses of slit patterned beamlets. The 
corresponding translating step provides for controllably sequentially translating the 

20 relative position of the sample in a direction parallel to the first direction of the plane of 
homoginization over substantially the first predetermined slit spacing distance, to thereby 
process the amorphous silicon thin film sample into polycrystalline silicon thin film 
having large diamond shaped crystals. 

In still another alternative arrangement, the masking step comprises 

25 maskmg portions of each homoginized fluence controlled laser pulse in the sequence 
with a two dimensional pattern of sawtooth shaped slits spaced a predetermined distance 
apart and extending generally parallel to one direction of the plane of homoginization to 
generate a sequence of fluence controlled pulses of slit patterned beamlets. In this 
arrangement, the translating step provides for controllably sequentially translating the 

30 relative position of the sample m a direction perpendicular to each of the fluence 
controlled pulse of slit pattemed beamlets over substantially the predetermined slit 
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spacing distance, to the to thereby process the amorphous silicon thin film sample into 
polycrystalline silicon thin film having large hexagonal crystals. 

In a modified arrangement, an alternative technique for processing an 
amorphous silicon thin film sample into a polycrystalline silicon thin film using a polka- 

5 dot pattern is provided. Te technique includes generating a sequence of excimer laser 
pulses, homoginizing each laser pulse in the sequence in a predetermined plane;masking 
portions of each homoginized laser pulse in the sequence with a two dimensional pattern 
of substantially opaque dots to generate a sequence of pulses of dot patterned beamlets, 
irradiating an amorphous silicon thin film sample with the sequence of dot pattemed 

0 beamlets to effect melting of portions thereof corresponding to each dot pattemed 
beamlet pulse in the sequence of pulses of pattemed beamlets, and controUably 
sequentially translating the sample relative to each of the pulses of dot pattemed beamlets 
by alternating a translation direction in two perpendicular axis and in a distance less than 
the super lateral grovm distance for the sample, to thereby process the amorphous silicon 

5 thin fihn sample into a polycrystalline silicon thin film. 

The accompanying drawings, which are incorporated and constitute part 
of this disclosure, illustrate a preferred embodiment of the invention and serve to explain 
the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
'0 Fig, 1 is a fimctional diagram of a system for performing the lateral 

solidification process preferred to implement a preferred process of the present invention; 

Fig. 2a is an illustrative diagram showing a mask having a dashed pattern; 
Fig. 2b is an illustrative diagram of a crystallized silicon film resulting 
from the use of the mask shown in Fig. 2a in the system of Fig. 1 ; 
5 Fig. 3 a is an illustrative diagram showing a mask having a chevron 

pattern; 

Fig. 3b is an illustrative diagram of a crystallized silicon film resulting 
from the use of the mask shown in Fig. 3a in the system of Fig. 1 ; 

Fig. 4a is an illustrative diagram showing a mask having a line pattern; 
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Fig, 4b is an illustrative diagram of a crystallized silicon film resulting 
&om the use of the mask shown in Fig. 4a in the system of Fig. 1; 

Fig. 5a is an illustrative diagram showing irradiated areas of a silicon 
sample using a mask having a line pattern; 
5 Fig, 5b is an illustrative diagram showing irradiated areas of a silicon 

sample using a mask having a line pattern after initial irradiation and sample translation 
has occurred; 

Fig. 5c is an illustrative diagram showing a crystallized silicon film after 
a second irradiation has occurred; 

10 Fig. 6a is an illustrative diagram showing a mask having a diagonal line 

pattern; 

Fig. 6b is an illustrative diagram of a crystallized silicon film resulting 
from the use of the mask shown in Fig, 6a in the system of Fig. 1; 

Fig. 7a is an illustrative diagram showmg a mask having a sawtooth 

15 pattern; 

Fig. 7b is an illustrative diagram of a crystallized silicon film resulting 
fix)m the use of the mask shown in Fig. 7a in the system of Fig. 1 ; 

Fig. 8a is an illustrative diagram showing a mask having a crossing 
diagonal line pattem; 

20 Fig. 8b is an illustrative diagram of a crystallized silicon film resulting 

fi-om the use of the mask shown in Fig. 8a in the system of Fig. 1 ; 

Fig. 9a is an illustrative diagram showing a mask having a polka-dot 

pattem; 

Fig. 9b is an instructive diagram illustrating mask translation using the 
25 mask of Fig. 9a; 

Fig. 9c is an illustrative diagram of a crystallized silicon film resulting 
firom tile use of the mask shown in Fig. 9a in the system of Fig. 1 using tiie mask 
translation scheme shown in Fig. 9b; 

Fig. 9d is an illustrative diagram of an alternative crystallized silicon film 
30 resulting fi'om tfie use of tiie mask shown in Fig. 9a in the system of Fig. 1 using flie 
mask translation scheme shown in Fig. 9b; and 
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Fig. 1 0 is a flow diagram illustrating the steps implemented in the system 

of Fig. 1. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
The present invention provides techniques for producing imiform large- 
5 grained and grain boundary location controlled polycrystalline thin film semiconductors 
using the sequential lateral solidification process. In order to fiiUy understand those 
techniques, the sequential lateral solidification process must first be appreciated. 

The sequential lateral solidification process is a technique for producing 
large grained silicon structures through small-scale unidirectional translation of a silicon 
sample in between sequential pulses emitted by an excimer laser. As each pulse is 
absorbed by the sample, a small area of the sample is caused to melt completely and 
resolidify laterally into a crystal region produced by the preceding pulses of a pulse set. 

A particularly advantageous sequential lateral solidification process and 
an apparatus to carry out that process are disclosed in our co-pending patent application 
entitled "Systems and Methods using Sequential Lateral Solidification for Producing 
Single or Polycrystalline Silicon Thin Fihns at Low Temperatures," filed concurrently 
with the present application and assigned to the common assignee, the disclosure of 
which is incorporated by reference herein. While the foregoing disclosure is made with, 
reference to the particular techniques described in our co-pending patent application, it 
should be understood that other sequential lateral solidification techniques could readily 
be adapted for use in the present invention. 

With reference to Fig. 1 , our co-pending patent application describes as a 
preferred embodiment a system including excimer laser 1 10, energy density modulator 
120 to rapidly change the energy density of laser beam 111, beam attenuator and shutter 
130, optics 140, 141, 142 and 143, beam homogeriizer 144, lens system 145, 146, 148, 
masking system 150, lens system 161, 162, 163, incident laser pulse 164, thin silicon film 
sample 170, sample translation stage 180, granite block 190, support system 191, 192, 
193, 194, 195, 196, and managing computer 100 X and Y direction translation of the 
silicon sample 170 may be effected by either movement of a mask 710 within masking 
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system 1 50 or by movement of the sample translation stage 1 80 imder the direction of 
computer 100. 

As described in further detail in our co-pending application, an 
amorphous silicon thin film sample is processed into a single or polycrystalline silicon 
5 thin fihn by generating a plurality of excimer laser pulses of a predetermined fluence, 
controUably modulating the fluence of the excimer laser pulses, homoginizing the 
modulated laser pulses in a predetermined plane, masking portions of the homoginized 
modulated laser pulses into patterned beamlets, irradiating an amorphous silicon thin film 
sample with the patterned beamlets to effect melting of portions thereof corresponding 

10 to the beamlets, and controUably translating die sample with respect to the patterned 
beamlets and with respect to the controlled modulation to thereby process the amorphous 
silicon thin fihn sample into a single or polycrystalline silicon thin film by sequential 
translation of the sample relative to the patterned beamlets and irradiation of the sample 
by patterned beamlets of varying fluence at corresponding sequential locations thereon. 

15 The following embodiments of the present invention will now be described with 
reference to the foregomg processing technique. 

Referring to Figs. 2a and b, a first embodiment of the present invention 
will now be described. Fig. 2a illustrates a mask 21 0 incorporating a pattern of slits 220. 
The mask 210 is preferably fabricated from a quartz substrate, and includes either a 

20 metallic or dielectric coating which is etched by conventional techniques to form a mask 
pattern, such as that shown in Fig.2a. Each slit 220 is of a breadth 230 which is chosen 
in accordance with the necessary dimensionality of the device that will be fabricated on 
the sample 1 70 in the particular location that corresponds to the slit 220. For 
example, the slits 220 should be approximately 25 micrometers across to fabricate a 25 

25 micrometer semiconductor device, or in the case of a muhi-part device, a channel in a 
device, in sample 170. The width 240 of the slit 220 is preferably between 
approximately two and five micrometers in order to be small enough to avoid nucleation 
in sample 170 and large enough to maximize lateral crystal growth for each excimer 
pulse. It should be understood that although Fig. 2a illustrates a regular pattern of slits 

30 220, any pattern of slits could be utilized in accordance with the microstructures desired 
to be fabricated on fihn 170. 
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In accordance with the present invention, the sample 1 70 is translated with 
respect to the laser pulses 164, either by movement of masking system 150 or sample 
translation stage 180, in order to grow crystal regions in the sample 170. When the 
sample 1 70 is translated in the Y direction and mask 2 1 0 is used in masking system 1 50, 
5 a processed sample 250 having crystalHzed regions 260 is produced, as shown in Fig, 2b. 
The breadth 270 of each ciystallized region will be approximately equal to the breadth 
230 m the mask 210. The length 280 of each region will be approximately equal to the 
distance of Y translation effected by movement of the masking system 1 50 or translation 
stage 1 80, and as with the breadth, should be chosen in accordance with the final device 

10 characteristics. Each crystal region 260 will consist of polysilicon with long and 
directionally controlled grains. 

Referring next to Figs. 3a and b, a second embodiment of the present 
invention will now be described. Fig. 3a illustrates a mask 3 1 0 incorporating a pattern 
of chevrons 320. The breadth 320 of each chevron side will determine the size of the 

15 ultunate single crystal region to be formed in sample 170. When the sample 170 is 
translated in the Y direction and mask 310 is used in maskmg system 150, a processed 
sample 350 having crystallized regions 360 is produced, as shown in Fig. 3b. Each 
crystal region 360 will consist of a diamond shaped single crystal region 370 and two 
long grained, directionally controlled polycrystalline silicon regions 380 in the tails of 

20 each chevron. 

While the embodiments described with reference to Figs. 2 and 3 are 
advantageous to generate spatially separated devices on silicon sample 1 70, at least some 
of the silicon sample 1 70 is not utilized in the final semiconductor. In order to facilitate 
a more flexible configuration of devices that can be developed on the semiconductor 

25 sample 1 70, the following preferred embodiments will now be described. 

Referring to Figs. 4a and b, a third embodiment of the present invention 
willnow be described. Fig. 4a illustrates a mask 4 1 0 incorporating a pattern of slits 4 1 0. 
Each slit 4 1 0 should extend as far across on the mask as the homogenized laser beam 1 49 
incident on the mask permits, and must have a width 440 that is sufficiently narrow to 

30 prevent any nucleation firom taking place in the uradiated region of sample 1 70. The 
width 440 will depend on a number of factors, including the energy density of the 
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incident laser pulse, the duration of tfie incident laser pulse, tiie thickness of the silicon 
thin film sample, and the temperature and conductivity of the silicon substrate. For 
example, the slit should not be more than 2 micrometers wide when a 500 Angstrom film 
is to be irradiated at room temperature with a laser pulse of 30 ns and having an energy 
5 density that slightly exceeds the complete melt threshold of the sample. 

When the sample 170 is translated in the Y direction and mask 410 is 
used in masking system 1 50, a processed sample 450 having crystallized regions 460 is 
produced, as shown in Fig. 4b. Each crystal region 460 will consist of long grained, 
directionally controlled crystals 470. Depending on the periodicity 421 of the masking 

10 slits 420 in sample 410, the length ofthe grains 470 will be longer or shorter. In order 
to prevent amorphous silicon regions fi-om being left on sample 170, the Y translation 
distance must be at least as long as the distance 421 between mask lines, and it is 
preferred that the translation be at least one micron greater than this distance 421 to 
eUminate small crystals that inevitably form at the initial stage of a directionally 

1 5 controlled polycry stalline structure. 

An especially preferred technique using a mask having a pattern of lines 
will next be described. Using a mask as shown in Fig. 4a where closely packed mask 
lines 420 having a width 440 of 4 micrometers are each spaced 2 micrometers apart, the 
sample 170 is irradiated with one laser pulse. As shown in Fig. 5a, the laser pulse will 

20 melt regions 5 1 0, 5 1 1 , 5 12 on the sample, vAick each melt region is approxunately 4 
micrometers wide 520 and is spaced approximately 2 micrometers apart 52 1 . This first 
laser pulse will induce the formation of crystal growth in the irradiated regions 5 1 0, 5 1 1 , 
512, starting from the melt boundaries 530 and proceeding into the melt region, so that 
polycrystalline silicon 540 forms in the irradiated regions, as shown in Fig. 5b. 

25 . In order to eliminate the numerous small initial crystals 54 1 that form at 

the meh boundaries 530, the sample 170 is translated three micrometers in the Y 
direction and again irradiated with a single excimer laser pulse. The second irradiation 
regions 551, 552, 553 cause the remaining amorphous silicon 542 and initial crystal 
regions 543 ofthe polycrystalline silicon 540 to melt, while leaving the central section 

30 545 ofthe polycrystalline silicon to remain. As shown in Fig. 5c, the crystal structure 
which forms the central section 545 outwardly grows upon solidification of melted 



wo 01/18854 



PCTAJSOO/23667 



11 

regions 542, 542, so that a directionally controlled long grained polycrystalline silicon 
device is formed on sample 170. 

Referring to Figs. 6a and b, a fourth embodiment of the present invention 
will now be described. Fig. 6a illustrates a mask 6 10 incorporating a patteni of diagonal 

5 lines 620. When the sample 1 70 is translated in the Y direction and mask 610 is used 
in masking system 150, a processed sample 650 having crystallized regions 660 is 
produced, as shown in Fig. 6b. Each crystal region 660 will consist of long grained, 
directionally controlled crystals 670. 

As with the embodiment described above with respect to Figs 4a and b, 

0 the translation distance will depend on the desired crystal length. Also, the process 
described with reference to Figs. 5a - c could readily be employed using a mask as shown 
in Fig. 6a, having 4 micrometer wide lines 620 that are each spaced apart by 2 
micrometers. This embodiment is especially advantageous in the fabrication of displays 
or other devices that are oriented with respect to an XY axis, as the polycrystalline 

5 structure is not orthogonal to that axis and accordingly, the device performance will be 
independent of the X or Y coordinates. 

Referring next to Figs. 7a and b, a fifth embodiment of the present 
invention will now be described. Fig. 7a illustrates a mask 710 incorporating offset 
sawtooth wave patterns 720, 72 1 . When the sample 1 70 is translated in the Y direction 

0 and mask 7 1 0 is used in masking system 1 50, a processed sample 750 having crystallized 
regions 760 is produced, as shown in Fig. 7b. Each crystal region 760 will consist of a 
row of hexagonal-rectangular crystals 770. If the translation distance is slightly greater 
than the periodicity of the sawtooth pattern, the crystals will be hexagons. This 
embodiment is beneficial in the generation of larger silicon grains and may increase 

5 device performance. 

Referring next to Figs. 8a and b, a sixth embodiment of the present 
invention will now be described. Fig. 8a illustrates a mask 810 incorporating a diagonal 
cross pattern 821, 822. When the sample 170 is translated in the Y direction and mask 
8 1 0 is used in masking system 1 50, a processed sample 850 having crystallized regions 

) 860 is produced, as shown in Fig. 8b. Each crystal region 860 will consist of a row of 
diamond shaped crystals 870. If the U-anslation distance is slighUy greater than the 
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periodicity of the pattern, the crystals will be squares. This embodiment is also 
beneficial in the generation of larger silicon grains and may increase device performance. 



invention will now be described. Fig. 9a illustrates a mask 910 incorporatmg a polka- 
5 dot pattern 920. The polka-dot mask 910 is an inverted mask, where the polka-dots 920 
correspond to masked regions and the remainder of the mask 92 1 is transparent. In order 
to fabricate large silicon crystals, the polka-dot pattern may be sequentially translated 
about the points on the sample 170 where such crystals are desired. For example, as 
shown in Fig. 9b, the polka-dot mask may be translated 931 a short distance in the 
1 0 positive Y direction after a first laser pulse, a short distance in the positive X direction 
932 after a second laser pulse, and a short distance in the negative Y direction 933 after 
a third laser pulse to induce the formation of large crystals. If the separation distance 
between polka-dots is greater than two times the lateral growth distance, a crystalline 
structure 950 where crystals 960 separated by small grained polycrystalline silicon 
1 5 regions 961 is generated, as shown in Fig. 9c. If the separation distance is less or equal 
to two times the lateral growth distance so as to avoid nucleation, a crystalline structure 
970 where crystals 980 are generated, as shown in Fig. 9d. 



the crystal growth process implemented with respect to Fig. 9 will be described. Fig, 10 
20 is a flow diagram illustrating the basic steps implemented in the system of Fig. 1 . The 



initiate the process. A thin siUcon film sample is then loaded onto the sample translation 
stage 1005. It should be noted that such loading may be either manual or robotically 
implemented under the control of computer 100. Next, the sample translation stage is 

25 moved into an initial position 1015, which may include an alignment with respect to 
reference features on the sample. The various optical components of the system are 
focused 1 020 if necessary. The laser is then stabilized 1 025 to a desired energy level and 
reputation rate, as needed to ftilly melt the silicon sample in accordance with the 
particular processing to be carried out. If necessary, the attenuation of the laser pulses 

30 isfinely adjusted 1030. 



Referring next to Figs. 9a-d, a seventh embodiment of the present 



Referring next to Fig. 10, the steps executed by computer 100 to control 



varioxis electronics of the system shown in Fig. 1 are initialized 1000 by the computer to 
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Next, the shutter is opened 1035.to expose the sample to a single pulse of 
irradiation and accordingly, to commence the sequential lateral solidification process. 
The sample is translated in the X or Y directions 1040 in an amount less than the super 
lateral grown distance. The shutter is agiain opened 1 045 to expose the sample to a single 
5 pulse of irradiation, and the sample is aigain translated in the X or Y directions 1 050 in 
an amount less than the super lateral growth distance. Of course, if the sample was 
moved in the X direction in step 1 040, the sample should be moved in the Y direction in 
Step 1 050 in order to create a polka-dot. The sample is then irradiated with a third laser 
pulse 1055. The process of sample translation and irradiation 1050, 1055 may be 

1 0 repeated 1 060 to grow the polka-dot region with four or more laser pulses. 

Next, if other areas on the sample have been designated for crystallization, 
the sample is repositioned 1065, 1 066 and the crystallization process is repeated on the 
new area. If no further areas have been designated for crystallization, the laser is shut off 
1070, the hardware is shut down 1075, and the process is completed 1080. Of course, 

1 5 if processing of additional samples is desired or if the present invention is utilized for 
batch processing, steps 1005, 1010, and 1035 - 1065 can be repeated on each sample. 

The foregoing merely illustrates the principles of the invention. Various 
modifications and alterations to the described embodiments will be apparent to those 
skilled in the art in view of the teachings herein. For example, the thin silicon film 

20 sample 1 70 could be replaced by a sample having pre-pattemed islands of silicon film. 
Also, the line pattern mask could be used to grow polyciystalline silicon using two laser 
pulses as explained with reference to Figs. 5a-c, then rotated by 90 degrees and used 
again in the same process to generate an array of square shaped single crystal silicon. It 
will thus be appreciated that those skilled in the art will be able to devise numerous 

25 systems and methods which, although not explicitly shown or described herein, embody 
the principles of the invention and are thus within the spirit and scope of the invention. 
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CLAIMS 

A method for processing an amorphous silicon thin film sample into a 
polyciystalline silicon thin film, comprising the steps of: 

(a) generating a sequence of excimer laser pulses; 

(b) controUabiy modulating each excimer laser pulse in said sequence to a 
predetermined fluence; 

(c) homogmizing each modulated laser pulse in said sequence in a 
predetermined plane; 

(d) masking portions of each homoginized fluence controlled laser pulse in 
said sequence with a two dimensional pattern of slits to generate a 
sequence effluence controlled pulses of line patterned beamlets, each slit 
in said pattern of slits being sufl5ciently narrow to prevent inducement of 
significant nucleation in region of a silicon thin film sample irradiated by 
a beamlet corresponding to said slit, 

(e) irradiating an amorphous silicon thin film sample with said sequence of 
fluence controlled slit pattemed beamlets to effect melting of portions 
thereof corresponding to each fluence controlled pattemed beamlet pulse 
in said sequence of pulses of pattemed beamlets; and 

(f) controllably sequentially translating a relative position of said sample 
with respect to each of said fluence controlled pulse of slit pattemed 
beamlets to thereby process said amorphous silicon thin film sample into 
a smgle or polycry stalline silicon thin fihn. 

The method of claim 1, wherem said masking step comprises masking portions 
of each homoginized fluence controlled laser pulse in said sequence with a two 
dimensional pattern of substantially parallel straight slits spaced a predetermined 
distance apart and linearly extending parallel to one direction of said plane of 
homoginization to generate a sequence of fluence controlled pulses of slit 
pattemed beamlets. 
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3. The method of claim 2, wherein said translating step comprises controUably 
sequentially translating said relative position of said sample in a direction 
perpendicular to each of said fluence controlled pulse of slit patterned beamlets 
over substantially said predetermined slit spacing distance, to the to thereby 

S process said amorphous silicon thin fihn sample into polycrystalline silicon thin 

film having long grained, directionally controlled crystals. 

4. The method of claim 1 , wherein: 

(a) said masking step comprises masking portions of each homoginized 
fluence controlled laser pulse in said sequence with a two dimensional 

10 pattern of substantially parallel straight slits of a predetermined width, 

spaced a predetermined distance being less than said predetermined width 
apart, and linearly extending parallel to one direction of said plane of 
homoginization to generate a sequence of fluence controlled pulses of slit 
patterned beamlets; and 

15 (b) said translating step comprises translating by a distance less than said 

predetermined width said relative position of said sample in a direction 
perpendicular to each of said fluence controlled pulse of slit patterned 
beamlets, to the to thereby process said amorphous silicon thin film 
sample into polycrystalline silicon thin film having long grained, 

20 directionally controlled crystals using two laser pulses. 

5. The method of claim 4, wherein said predetermined width is approximately 4 
micrometers, said predetermined spacing distance is approximately 2 
micrometers, and said translating distance is approximately 3 micrometers. 

6. The method of claim 1, wherein said masking step comprises masking portions 
25 of each homoginized fluence controlled laser pulse in said sequence with a two 

dimensional pattem of substantially parallel straight slits spaced a predetermmed 
distance apart and linearly extending at substantially 45 degree angle with respect 
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to one direction of said plane of homoginization to generate a sequence of fluence 
controlled pulses of slit patterned beamlets. 

7. The method of claim 6, wherein said translating step comprises controUably 
sequentially translating said relative position of said sample in a direction parallel 
5 to said one direction of said plane of homoginization over substantially said 

predetermined slit distance, to thereby process said amorphous silicon thin film 
sample into polycrystalline silicon thin film having long grained, directionally 
controlled crystals that are disoriented with respect to the XY axis of the thin 
silicon film. 



10 8. The method of claim 1 , wherein: 

(a) said masking step comprises masking portions of each homoginized 
fluence controlled laser pulse in said sequence with a two dimensional 
pattem of substantially parallel straight slits of a predetermined width, 
spaced a predetermined distance being less than said predetemiined width 

1 5 apart, and linearly extending at substantially 45 degree angle with respect 

to one direction of said plane of homoginization to generate a sequence 
effluence controlled pulses of slit patterned beamlets; and 

(b) said translating step comprises translating by a distance less than said 
predetermined width said relative position of said sample in a direction 

20 parallel to said one direction of said plane of homoginization, to the to 

thereby process said amorphous silicon thin film sample into 
polycrystalline silicon thin film having long grained, directionally 
controlled crystals that are disoriented with respect to the XY axis of the 
thin silicon film using two laser pulses. 



25 9. 



The method of claim 8, wherein said predetermined width is approximately 4 
micrometers, said predetermined spacing distance is approximately 2 
micrometers, and said translating distance is approximately 3 micrometers. 
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The method of claim 1 , wherein said masking step comprises masking portions 
of each homoginized fluence controlled laser pulse in said sequence with a two 
dimensional pattern of intersecting straight slits, a first group of straight slits 
being spaced a first predetermined apart and linearly extending at substantially 
45 degree angle with respect to a first direction of said plane of homoginization, 
and a second group of straight slits being spaced a second predetermined distance 
apart and linearly extending at substantially 45 degree angle with respect to a 
second direction of said plane of homoginization and intersecting said furst group 
at substantially a 90 degree angle, to generate a sequence effluence controlled 
pulses of slit patterned beamlets. 

The method of claim 10, wherein said translating step comprises controUably 
sequentially translating said relative position of said sample in a direction parallel 
to said first direction of said plane of homoginization over substantially said first 
predetermined slit spacing distance, to thereby process said amorphous silicon 
thin film sample into polyciystalline silicon thin film having large diamond 
shaped crystals. 

The method of claim 1, wherein said masking step comprises masking portions 
of each homoginized fluence controlled laser pulse in said sequence with a two 
dimensional pattern of sawtooth shaped slits spaced a predetermined distance 
apart and extending generally parallel to one direction of said plane of 
homoginization to generate a sequence of fluence controlled pulses of slit 
patterned beamlets. 

The method of claim 12, wherein said translating step comprises controUably 
sequentially translating said relative position of said sample in a direction 
perpendicular to each of said fluence controlled pulse of slit patterned beamlets 
over substantially said predetermined slit spacing distance, to the to thereby 
process said amorphous silicon thin fihn sample into polycrystalline silicon thin 
film having large hexagonal ciystds. 



wo 01/18854 



PCTAJSOO/23667 



18 

14. A method for processing an amorphous silicon thin film sample into a 
polycrystalline silicon thin film, comprising the steps of: 

(a) generating a sequence of excimer laser pulses; 

(b) homoginizing each laser pulse in said sequence in a predetermined plane; 

(c) masking portions of each homoginized laser pulse in said sequence with 
a two dimensional pattern of substantially opaque dots to generate, a 
sequence of pulses of dot patterned beamlets; 

(d) irradiating an amorphous silicon thin film sample with said sequence of 
dot patterned beamlets to effect melting of portions thereof corresponding 
to each dot patterned beamlet pulse in said sequence of pulses of 
patiemed beamlets; and 

(e) controUably sequentially translating said sample relative to each of said 
pulses of dot patterned beamlets by alternating a translation direction in 
two perpendicular axis and in a distance less than the super lateral grown 

1 5 distance for said sample, to thereby process said amorphous silicon thin 

fihn sample into a polycrystalline silicon thin fihn. 
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DESCRIPTION 



DOUBLE-PULSE LASER CRYSTALLISATION OF THIN SEMICONDUCTOR FILMS 



5 



This invention relates to laser crystallisation of thin films. Crystallisation 



of silicon films has been used extensively in order to produce high perfomnance 
active matrix liquid crystal displays and other devices. A particular advantage of 
the use of laser crystallisation is that poiysilicon thin film transistors can be 
fabricated on glass substrates, without introducing themial damage to the glass 
10 substrate. 

Various measures have been proposed in order to increase the grain 
size of laser crystallised silicon films, so as to reduce the number of grain 
boundaries occumng in devices formed firom the silicon film. The article "Single- 

1 5 Crystal Si Films Via A Low-Substrate-Temperature Excimer-Laser Crystallization 
Method" in Mat Res. Soc. Symp. Proc. Vol. 452 pp.953-958 by R. S. Sposili, et, 
al. describes the use of a chevron-shaped laser beam profile for the 
crystallisation of silicon to form single-crystal regions at predetemnined locations 
on thin silicon films. The contents of this article are incorporated herein as 

20 reference material. The described method is applied to a film of silicon having a 
thickness of 200nm, and the method may practically be applied for film 
thicknesses down to approximately 100nm. For thicknesses below this level 
self-nucleation within the film results in reduction in the grain size. 



25 various reasons. A lower thickness results in a more rapid laser crystallisation 
process, because a thicker semiconductor film requires more energy to melt the 
film. As a result, for a given energy of laser source, a smaller area of the film 
can be treated using the laser source. Furthemiore, a thinner semiconductor 
film has reduced light sensitivity, which may be desirable for certain 

30 semiconductor devices. 



It is desirable to reduce the film thickness of the semiconductor layer for 



According to a first aspect of the invention, there is provided a method of 




wo 00/14784 PCT/EP99/06161 

2 ^ 

manufacturing an electronic device comprising a semiconductor component 
liaving a thin film semiconductor layer provided on an insulating substrate, 
wherein the semiconductor layer is crystallised by scanning a pulsed laser beam 
over the film, the laser beam being shaped to define a chevron, each pulse of 
5 the laser beam comprising at least a first pulse portion of a first energy and a 
second subsequent pulse portion of a second energy, at least the first and 
second pulse portions of each pulse being applied at substantially the same 
position over the film. Each pulse of the chevron-shaped beam may comprise 
more than two pulse portions. Thus, each pulse may comprise successive 

10 pulse portions of different energies which are applied at substantially the same 
position over the film. 

The use of a chevron-shaped crystallisation beam enables the grain size 
of single crystal regions in the semiconductor film to be increased. Furthemnore, 
the use of the multiple-pulse laser reduces the tendency to self-nucleation within 

15 the semiconductor film. This enables the crystallisation method to be employed 
for film thicknesses below lOOnm, and preferably for film thicknesses of 
approximately 40nm. 

The invention also provides a laser crystallisation method for crystallising 
. a thin film semiconductor layer, comprising the steps of: 

20 providing a film of semiconductor material on an insulating substrate; 

scanning a pulsed laser beam over the film, the laser beam being shaped 
to define a chevron, each pulse of the laser beam comprising at least a first 
pulse portion of a first energy and a second subsequent pulse portion of a 
second energy, at least the first and second pulse portions of each pulse being 

25 applied at substantially the same position over the film. 

A double-pulse laser crystallisation method is known from the article "A 
Novel Double-Pulse Excimer-Laser Crystallization Method of Silicon Thin-Films" 
in Jpn. J. Appl. Phys. Vol 34 (1995) pp 3976-3981 by R. Ishihara et. a!., and the 
method is described as increasing the grain size of excimer-laser crystallised 

30 silicon films, particulariy so that a single split pulse can produce crystallisation of 
a 1 micrometer region of filiti material. The contents of this article are also 
incorporated herein as reference material. 
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The invention also provides a laser crystallisation apparatus comprising: 

a pulsed laser source providing laser beam pulses; 

an optical processing system for splitting the laser beam pulses to 
provide output pulses having an intensity profile defining at least a first pulse 
5 portion of a first energy and a second subsequent pulse portion of a second 
energy; 

means for shaping the output pulses to fonn dievron-shaped pulses; and 
a projection system for projecting the chevron-shaped pulses onto a 
sample for crystallisation. 

10 

Embodiments of the invention will now be described by way of example 
with reference to the accompanying drawings, in which: 

Figure 1 shows the grain boundaries defined by a pulse laser applied to 
an amorphous semiconductor film, with the pulse applied through a chevron 
15 shaped mask; 

Figure 2 shows laser crystallisation apparatus according to the invention; 

and 

Figure 3 shows the laser beam intensity pattem at locations IIIA and IliB 
within the apparatus of Figure 2. 

20 

As shown in Figure 1, the solidification front for a laser crystallisation 
technique according to the invention is defined as a chevron-shaped beam 2 
which grows a single crystal grain at the apex of the chevron. The single crystal 
grain grows as the beam is advanced over the film. This beam shape enables 

25 large single-crystal regions to be defined within a semiconductor layer and 
which can be positioned to coincide with the desired locations for semiconductor 
devices to be formed from the film, for example thin film transistors. Each pulse 
of the beam comprises two pulse portions, for example having the Intensity-time 
profile represented in Figure 3 part B. This double-pulse method enables the 

30 thickness of films which can be processed using the invention to be reduced to 
the optimum levels for amorphous silicon semiconductor layers, for example 
40nm. 
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The method of the invention is applicable to laser crystallisation methods, 
which enable the conversion of amorphous or polycrystalline silicon films into 
directionally solidified microstructures. The crystallisation method involves 
complete melting of the selected regions of the semiconductor film using 
5 irradiation through a patterned mask, combined with controlled movement of the 
film relatively to the mask between pulses. For a given energy output of the 
laser source of the crystallisation apparatus, a thinner film thickness enables the 
rate at which the patterned laser is scanned over the film to be increased. 

Figure 1 illustrates the crystallisation caused by advancing a laser 

10 heating beam pattemed using a chevron-shaped aperture over the film of 
semiconductor material. The use of a chevron shaped mask 2 causes a single 
crystal grain to be formed at the apex of the chevron, which then experiences 
lateral growth not only in the translation direction (arrow 6 in Figure 1) but also 
transversely, due to the fact that the grain boundaries form approximately 

15 perpendlculariy to the melt interface. Advancing the chevron shaped beam over 
the thin film semiconductor layer results in the single-crystal region 4 as shown 
in Figure 1 part B In the manner described in the article "Single-Crystal Si Films 
Via Low-Substrate-Temperature Excimer-Laser Crystallisation Method" referred 
to eariier in this application. 

20 The chevron-shaped beam may have a width (W) of the order of ones or 

tens of microns, so that the resulting single crystal region is sufficient in size to 
correspond to the channel region of a thin film transistor to be fabricated using 
the thin film semiconductor layer. The width of the slit defining the beam shape 
may be approximately ^\^m. 

25 The laser may be pattemed to define an array of the chevron-shaped 

beams so that the crystallised film includes an an^iy of single crystal regions. 
The chevron-shaped beam defines first and second solidification fi-onts 8, 10 
which meet at an apex 12. These fronts are not necessarily perpendicular, and 
an acute angle or an obtuse angle may be subtended at the apex. These 

30 possibilities are each intended to fall within the term "chevron" as used in this 
description and the claims. 

Lateral solidification of the semiconductor material melted by the laser 
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heating is optimised when the laser heating results in complete melting of the 
full depth of the thin film. A sufficiently high laser energy density is required to 
achieve this which will depend on the film characteristics. A pulsed excimer 
laser Is appropriate for this purpose. 
5 The laser crystallisation method of the invention also employs a Jaser 

pulse intensity profile having two or more sequential intensity peaks. The use of 
double-pulse excimer laser crystallisation has already been proposed to 
increase the grain size of single crystal regions. The double-pulse method has 
been understood to slow the cooling rate, so that the crystalline nuclei can grow 

10 to a sufficient size to meet each other before the onset of copious homogeneous 
nucleation which is known to occur at about SOO'C of undercooling. The first 
pulse causes the film to melt, and a sufficient time period is provided before the 
second pulse to allow themial diffusion into the substrate. This pre-heating of 
the substrate reduces the cooling rate after the second pulse. 

15 An example of the possible intensity profile Is shown in Figure 3 part B. 

The first pulse 30 has a sufficient energy to density to melt completely the film, 
and this energy density will depend on the nature and thickness of the film being 
treated by the process. The energy density may be of the order of 300mJ/cm^, 
for an amorphous silicon thin film having a thickness of 50nm. The pulse 

20 duration may be of the order of 30ns. The delay 32 between the pulses is 
sufficient to allow a significant diffusion of heat into the substrate, yet not 
sufficient to allow copious homogenious nucleation of the unsolidified portion of 
the film, and for example may be between 100 and 200ns. Less energy will be 
required from the second pulse 34 may have an energy density of 1 50mJ/cm^ in 

25 the example shown. The purpose of the second pulse is cause the solidification 
process to start again. 

The exact profile of the laser pulse intensity profile will be selected taking 
numerous considerations into account, such as the chemical composition and 
the mechanical structure of the film. The invention has been described in the 

30 context of producing polycrystalline silicon films flrom amorphous silicon 
depositiBd layers, although the invention is equally applicable to laser 
crystallisation of other materials. 
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Figure 2 shows a laser crystallisation apparatus according to the 
invention. A pulse laser source 40 provides laser beam pulses, for example 
having the profile shown in Figure 3 Part A. An optical processing system 42 
provides the multiple peak intensity profile of which an example is shown in 
5 Figure 3 Part B (in which each pulse includes a first pulse portion of a first 
energy and a second subsequent pulse portion of a second energy). This 
system 42 receives the laser source output firom a beam splitter 44, which is 
partially transmissive and partially reflective. An optical delay is provided by the 
processing system 42, as well as attenuation of the light signal if desired. Using 
10 a combiner 46, the delayed signal is combined with the part of the original 
source output transmitted by tiie beam splitter 44. 

The double pulse laser beam output is supplied to a homogeniser 48 for 
conversion from a semi-gaussian profile to a top-hat profile. 



1 5 form tiie chevron-shaped pulses, for subsequent transmission to the sample 51 , 
using a projection system 52. 

The sample (comprising the film 51 on its insulating substrate) is 
mounted on a movable platform so that the projected beam can be caused to 
scan over the sample. 



As one possibility, a mask 50 is provided for shaping the output pulses to 



20 
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CLAIMS 

5 1. A method of manufacturing an electronic device comprising a 

semiconductor component having a thin film semiconductor layer provided on 
an insulating substrate, wherein the semiconductor layer is crystallised by 
scanning a pulsed laser beam over the film, the laser beam being shaped to 
define a chevron, each pulse of the laser heat source comprising at least a first 
10 pulse portion of a first energy and a second subsequent pulse portion of a 
second energy, at least the first and second pulse portions of each pulse being 
applied at the substantially same position over the film. 

2. A method as claimed in claim 1, wherein the semiconductor 
15 component comprises a thin film transistor. 

3. A laser crystallisation method for crystallising a thin film 
semiconductor layer, comprising the steps of: 

providing a film of semiconductor material on an insulating substrate; and 
20 scanning a pulsed laser beam over the film, the laser beam being shaped 

to define a chevron, each pulse of the laser beam comprising at least a first 
pulse portion of a first energy and a second subsequent pulse portion of a 
second energy, at least the first and second pulse portions of each pulse being 
applied at substantially the same position over the film. 

25 

4. A method as claimed in claim 1,2 or 3, wherein thickness of the 
film is less than lOOnm. 

5. A method as claimed in claim 4, wherein thickness off the film is 
30 approximately 40nm. 

6. A method as claimed in any preceding claim, wherein the first 
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energy is greater than the second energy. 

7. A method as claimed in any preceding claim, wherein the film of 
semiconductor material comprises amorphous silicon. 

8. A laser crystallisation apparatus comprising: 
a.pulsed laser source providing laser beam pulses; 

an optical processing system for splitting the laser beam pulses to 
provide output pulses having an Intensity profile defining at least a first pulse 
portion of a first energy and a second subsequent pulse portion of a second 
energy; 

means for shaping the output pulses to fomi chevron-sihaped pulses; and 
a projection system for projecting the chevron-shaped pulses onto a 
sample for crystallisation. 

9. A laser crystallisation device as claimed in claim 7, further 
comprising means for scanning the output pulses across the sample. 




FIG. 2 
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^ (57) Abstract: System and methods for processing an amorphous silicon thin film sample into a single or polycrystalline silicon 
thin film are disclosed. The system includes an excimer laser (110) for generating a plurality of exdmer laser pulses (1 1 1) of a 
1^ predetermined fluence, an energy density modulator (120) for controllably modulating fluence of die excimer laser pulses, a beam 
Mg homogenizer (144) for homogenizing modulated laser pulses (146) in a predetcnnined plane, a mask (150) for masking portions 
gg of the homogenized modulated laser pulses into patterned beamlets. a sample stage (180) for receiving the patterned beamlets to 
^ effect melting of portions of any amorphous silicon thin film sample (170) placed thereon conesponding to the beamlets, translating 
^ means for controllably translating a relative position of the sample stage with respect to a position of die mask and a computer 
Q (100) for controlling die controllable fluence modulation of the excimer laser pulses and die controllable relative positions of die 
sample stage and mask, and for coordinating excimer pulse generation and fluence modulation with dse relative positions of the 
O sample stage and mask, to dimby process amorphous silicon tfiin film sample into a single or polycrystalline silicon thin film by 
^ sequential translation of die sample stage relative to die mask and irradiation of die sample by patterned beamlets of varying fluence 
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^ (57) Abstract: High throughput systenis and processes for rcciystallizing thin film semiconductois that have been deposited at low 
2 temperatures on a substrate are provided. A thin film semiconductor workpiece is. irradiated with a laser beam to melt and recrys- 
w tallize target areas of the surface exposed to the laser beam. The laser beam is shaped into one or more beamlets using patterning 
^ masks. The mask patterns have suitable dimensions and orientations to pattern the laser beam radiation so that the areas targeted by 
_^ the beamlets have dimensions and orientations that are conducive to semiconductor recrystallization. The woriqnece is mechanically 
^ translated along linear paths relative to the laser beam to process the entire surface of the work piece at high speeds. Position sensitive 
^ triggering of a laser can be used generate laser beam pulses to melt and recrystallize semiconductor material at precise locations on 
1^ the surf ace of the workpiece while it is translated on a motorized stage. 
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A Single-Shot Semiconductor Processing System and Method 
Having Various Irradiation Patterns 
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SPECmGATION 



CROSS-REFERENCE TO RPXATRD APPLICATION 

This appUcation claims priority from U.S. Patent AppUcation No. 
60/404,447, filed on August 19, 2002 



and more particularly, to methods for making semiconductors materials in a form 
suitable for fabrication of thin-film transistor ("TFT") devices. 



15 interfaces for the common and ubiquitous electronic devices and appliances such as 
computers* image sensors, and television sets« The displays are fabricated, for 
example, fcom thin films of liquid crystal and semiconductor material placed on glass 
or plastic substrates. Each display is composed of a grid (or matrix) of picture 
elements ("pixels") in the Uquid crystal layer. Thousands or millions of these pixels 

20 together create an image on the display. TFT devices fabricated in the semiconductor 
material layer are used as switches to individually tum each pbcel "on" (Ught) or "off" 
(dark). The semiconductor materials used for making the TFTs, traditionally, are 
amorphous or polycrystalline silicon thin films. These films are deposited on to the 
substrates by physical or chemical processes at relatively \ow deposition temperatures 

25 in consideration of the low melting temperatures of the substrate materials used (e.g., 
glass or plastic). The relatively low deposition temperatures degrade the crystallinity 
of the deposited silicon films and cause them to be amorphous or polycrystalline. 



siUcon thin film undesirably degrade generally in proportion to the non-crystallinity 
30 of the siUcon thin fihn. For industrial TFT device applications, silicon thin films of 
good crystalline quality are desirable. The crystallinity of a thin film of silicon 
deposited at low temperatures on a substrate may be advantageously improved by 
laser annealing. Maegawa et al. U.S. Patent 5,766,989, for example, describes the use 
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BACKGROUND OF THE INVENTTON 



The present invention relates to semiconductor processing methods, 



Flat panel displays and other display units are used as visual imaging 



Unfortunately, the device characteristics of a TFT fabricated in a 



1 
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of excimer laser annealing ("ELA") to process amorphous silicon thin fihns 
deposited at low temperatures into polycrystalline silicon thin films for LCD 
applications. The conventional BLA processes, however, are not entirely satis&ctory 
at least in part because the grain sizes in the annealed films are not sufficiently 
5 uniform for industrial use. Thenon-uniformityof grain size in the annealed films is 
related to the beam shape of the laser beam, which is used in the ELA process to scan 
the thin film. 

Im et al. U. S. patent 6,573,531 and hn U.S. patent 6,322, 625 
(hereinafter "the '531 patent" and "the '625 patent", respectively), both of which are 

10 incorporated by reference herein in their entireties, describe laser aimealing apparatus 
and improved processes for making large grained polycrystalline or single crystal 
silicon structures. The laser annealing processes desoibed in these patents involve 
controlled resolidification of target portions of a thin film that are melted by laser 
beam irradiation. The fliin film may be a metal or semiconductor material (e.g., 

15 silicon). The fluence of a set of laser beam pulses incident on the silicon thin film is 
modulated to control the extent of melting of a target portion of a silicon thin fihn. 
Then, between the incident laser beam pulses, the position of the target portion is 
shifted by slight physical translation of the subject silicon thin fihn to encourage 
epitaxial lateral solidification. This so-called lateral sohdification process 

20 advantageously propagates the crystal stracture of the initially molten target portion 
into grains of large size. The apparatus used for the processing includes an exdmer 
laser, beam fluence modulators, beam focussmg optics, patterning masks, and a 
motorized translation stage for moving the subject thin fihn between or during the 
laser beam irradiation. (See e.g., the '53 1 patent, HG. 1, which is reproduced herein). 

25 Consideration is now being given to ways of further improving laser 

annealing processes for semiconductor thin fihns, and in particular for 
recrystallization of thm fihns. Attention is directed towards apparatus and process 
techniques, with a view to both improve the annealing process, and to increase 
apparatus througjiput for use, for example, in production of flat panel displays. 
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SUMMARY OF THE INVENTION 
The present invention provides systems and methods for reoTstallizang 
amorphous or polycrystaUme semiconductor thin fihns to improve their crystalline 
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quality and to thereby make them more suitable for device applications. The systems 
and processes are designed so that large surface area semiconductor thin films can be 
processed quickly. 

Target areas of the semiconductor thin fihn may be intended for all or 
5 part semiconductor device structures. The target area may, for example, be intended 
for active regions of the semiconductor devices. The target areas are treated by laser 
beam irradiation to recrystallize them. The target areas are exposed to a laser beam 
having sufficient intensity or flurace to melt semiconductor material in the target 
areas. A one shot laser beam exposure may be used - the melted semiconductor 
10 material recrystallizes when the laser beam is turned off or moved away &om the 
target area. 

A large number of target areas in a region on the surface of the"^ 
semiconductor thin fiUm may be treated simultaneously by using laser radiation that is 
patterned. A projection mask can be deployed to suitably pattern the laser beam. The 

15 mask divides an incident laser beam into a number of beamlets that are rucident on a 
corresponding number of target areas in a surface region of the semiconductor thin 
film. Each of the beamlets has sufficient fluence to melt the semiconductor material 
in target area on which it (beamlet) is incident The dimensions of the beamlets may 
be chosen with consideration to the desired size of the target areas and the amount of 

20 semiconductor material that can be effectively recrystallized. Topical beamlet 
dunensions and corresponding target area dimensions may be of the order of the order 
of about 0.5 mn to a few xmi. 

An exemplary mask for patteming the laser beam radiation has a 
number of rectangular slits that are parallel to each other. Using this mask, an 

25 incident laser beam can be divided into a number of parallel beamlets. The target 
areas corresponding to these beamlets are distributed in the surface region in a similar 
parallel pattern. Another exemplary mask has a number of rectangular slits that are 
disposed in a rectangular pattem of sets of parallel and orthogonal slits. The slits may 
for example, be arranged in pairs along the sides of squares. Using this mask the 

30 resultant radiation beamlets and the corresponding target areas also are distributed in a 
similar rectangular pattem (e.g., in sets of parallel and orthogonal target areas). 

The laser beam may be scanned or stepped across the surface of the 
semiconductor thin fihn to successively treat all regions of the surface wiiii a 
repeating pattem of target areas. Conversely, the semiconductor thin fihn can be 
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moved relative to a laser beam of fixed orientation for the same pinpose. In one 
embodimoit of the invention, a motorized linear translation stage is used to move the 
semiconductor thin fihn relative to the laser beam in linear X-Y paths so fliat all 
surface regions of flie semiconductor thin film can be exposed to liie laser beam 
5 irradiation. The movement of the stage during the process can be continuous across a 
width of the semiconductor thin film or can be 8tq)ped fiwm one region to the next 
For some device triplications, the target areas in one region may be contiguous to 
target areas in the next region so fliat extended strips of semiconductor material can be 
recrystallized. The recrystallization of contiguoiis target areas may benefit fi-om 
.10 sequential lateral solidification of the molten target areas. For oflier device 
applications, the target areas may be geometrically separate from target areas in the 
adjoining areas. 

The genoation of laser beam pulses for irradiation of the target areas 
may be synchronized with the movement of the linear translation stage so that the 

15 laser beam can be incident on designated target areas with geometric precision. The 
timing of the generated laser beam pulses may be indexed to the position of the 
translation stage, which supports the semiconductor thin fihn. The mdexing may be 
occur m response to position sensors tiiat indicate in real time tiie position of the 
stage, or may be based on computed co-ordinates of a geometiical grid overlaying flie 

20 tiiin film semiconductor. 



BRIEF DESCRIPTION OF THE DRAWINGS 
Further features of the invention, its nature, and various advantages 
will be more apparent firom the following detailed description of the pi«feired 
25 embodiments and the accompanying drawings, wherem like referaice characters 
rqiresent Uke elements throughout, and in which: 

FIG. 1 is a schematic and block diagram of a semiconductor processing 
system for the laser anneahng of semiconductor thin fihns for recrystallization; 

FIG. 2 is a top ejqiloded view of an exemplary thin fihn silicon 

30 workpiece; 

FIGS. 3a and 3b are top views of exemplary masks in accordance with 
the principles of present invention; 
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FIG. 4 is a schematic diagram illustrating a portion of the thin film 
silicon worlq)iece of FIG. 2 lhat has been processed using the mask of FIG. 3a, in 
accordance ydth the principles present invention; 

FIG. 5 is a schematic diagram illustrating an exemplary processed thin 
5 fihn silicon workpiece that has been processed using fb& mask of FIG. 3b in 
accordance with the principles present mvention; and 

FIG. 6 is a schematic diagram illustrating an exemplary geometrical 
pattern whose co-ordinates are used to trigger radiation pulses incident on a silicon 
thin film workpiece in accordance with the principles present inventioa 

10 

DETATT.Fn nR SCRIPTION OF THE PREFERRED EMBODTMKNTS 

The present invention provides processes and systems for 
recrystaUization of semiconductor thin fUms by laser annealing. The processes for 
recrystallization of semiconductor thin fihns involve one-shot inadiation of regions 
15 of a semiconductor thin fihn worispiece to a laser beam. The systems direct a laser 
beam to a region or spot on the surfece of the semiconductor thin fihn. The incident 
laser beam has sufficient intensity or fluence to melt targeted portions of the region or 
spot of the semiconductor thin film on which the laser beam is incident. After the 
targeted incident areas or portions are melted, the laser beam is moved or stepped to 
20 another region or spot on the semiconductor thin fihn. The moltoi semiconductor 
material recrystaUizes when the incident laser beam is moved away. The dwell time 
of the laser beam on a spot on the semiconductor fliin fihn may be sufficient small so 
that the recrystallization of an entire semiconductor thin fihn workpiece can be carried 
out quickly with higji throughput rates. 
25 fii order that the invention herein described can be fijlly understood the 

subsequent description is set forth in the context of laser annealing of siUcon thin 
fihns. The annealed silicon tiiin fihns may be intended for exemplary TFT device 
^pUcations. It will, however, be understood that the invention is equally applicable 
to other types of materials and/or other types of device applications. 

An embodunent of flie present invention is described herein wifli 
reference to FIGS. 1-6. Thin fihn silicon workpieces (see e.g., workpiece 170, FIGS. 
2 and 4-6) are used herein as iUustrative woricpieces. Workpiece 170 may, for 
example, be a fihn of amorphous or randomly grained polycrystalline siUcon 

-5- 
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deposited on a glass or plastic substrate for use in a flat paael display. The silicon 
film thickness may, for example, be in the range of about 100 Angstroms to greater 
than about 5000 Angstroms. Further, the present invention is described in the context 
of laser annealing apparatus 1000 shown m FIG. 1, which is disclosed in the '531 

5 patent incorporated by reference herein. The processes of the preset invention are 
described using this £Q>paratus only for purposes of illustration, widx flie understanding 
that the principles of &e present invention are applicable to any other irradiation 
apparatus or system that may be available. 

Apparatus 1000 includes a radiation source 110 capable of generating 

10 an energetic radiation beam, suitable optical components 120-163 for shaping and 
directing the radiation beam to the surface of a work piece, and a motorized 
translation stage assembly 180 for supporting workpiece 170 during the processmg. 
Radiation source 110 may be any suitable radiation source that is capable of 
generating continuous or pulsed beams of radiant en^gy of sufGcient intensity to melt 

15 mcident areas or portiouLS of the semiconductor thin film of workpiece 170. Radiation 
source 110 may, for example, be any suitable solid state or other type of laser, an 
electron beam or ion beam source. For many semiconductor recrystallization 
q)plications, the radiation beam generated by radiation source 110 may have an 
intensity in the range of about 10 mJ/cm2 to lJ/cin2 (e.g., 500mJ/cm2), Suitable 

20 optics and/or electronics may be used to modulate or pulse the radiation beam 
generated by radiation source 110. A pulse duration (FWHM) in the range of about 
10 to about 200 nsec, and a pulse repetition rate in the range of about 10 Hz to about 
200 Hz may, for example, be suitable for laser annealing of silicon thin film 
workpieces 170. A suitable radiation source 110 for laser annealing of silicon thin 

25 fihn workpieces 170 may, for example, be a commercially available XeCl pulsed 
excimer laser (e.g., a Model LPX-315I excimer laser sold by Lambda Physik USA, 
Inc. of 3201 West Commercial Blvd. Ft. Lauderdale, FL 33309, USA). 

Suitable optics 120-163 may be used to modulate, coUimate or focus 
the radiation beam generated by laser 110 on to workpiece 170. In particular, an 

30 energy density modulator 120 may be used to time laser beam pulses and/or to 
modulate their fluence. Modulator 120 may, for example, be a commercially 
available controllable beam energy density modulator (e.g., a MicroLas® two-plate 
variable-attenuator also sold by Lambda Physik USA, Inc), Other optical components 
for shaping the laser beam (e.g., steering mirrors 140, 143, 147, 160 and 162, 
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expanding and collimating lenses 141 and 142, homogenizer 144, condenser lens 145, 
a field lens 148, eye piece 161, controllable shutter 152, multi-element objective lens 
163), also may, for example, be any suitable commercially available optical 
components sold by the by Lambda Physik USA, or by ofbsr vendors. 
5 The suitable optical components 120-163 for shaping and directing tiie 

radiation beam may include a masking system 150. Masking system 150 may be a 
projection masking system, which is used for patterning incident radiation (149) so 
that radiation beam (164) that is ultimately incident on woriqpiece 170 is 
geometrically sh^ed or pattemed. 

Stage assembly 180, on which woilpiece 170 rests during processing, 
may be any suitable motorized translation stage capable of movement in one or more 
dimensions. A hanslation stage capable of higih translatirai speeds may be 
advantageous for the high throughput single -shot processing described herein. Stage 
assembly 180 may be supported on suitable support stractures to isolate the thin fihn 
15 siUcon workpiece 170 firom vibrations. The support structures may, for example, 
include conventional optical benches such as a granite block optical bench 190 
mounted on a vibration isolation and self-leveling system 191, 192, 193 and 194. 

A computer 100 may be Imked to laser 110, modulator 120, stage 
assembly 180 and otiier controllable components of apparatus 1000. Computer 100 
20 may be used to contiwl tiie timing and fluence of the incident laser beam pulses and 
the relative movement ofthe stage assembly 180. Computer 100 may be programmed 
to controllably move stage assembly translation stage 180 in X, Y and Z directions. 
Woikpiece 170 may be moved, for example, over predetermined distances in tiie X-Y 
plane and as weU as in tiie Z direction in response to instruction from computer 1000. 
25 In operation, tiie position of workpiece 170 relative to flie incident radiation beam 164 
may be continuously adjusted or intermittenfly reset durmg tiie single-shot laser 
annealing process at suitable times according to preprogrammed process recipes for 
single shot recrystallization of workpiece 170. The movement of workpiece 170 may 
be synchronized or co-ordinated with flie timing of radiation beam pulses generated 
30 by laser 100. 

In apparatus 1000, tiie movement of stage assembly 180 translates tiie 
worlq)iece 170 and tiie radiation beam (164) relative to each otiier. In tiie processing 
described herein tiie radiation beam (164) is held fixed in a position or orientation 
while stage 180 is moved. Alternative configurations or arrangements of optical 
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components may be used to move incident radiation beam 164 and workpiece 170 
relative to each other along defined paths. For example, a computer-controlled beam 
steering mirror may be used to deflect radiation beam 164 while stage 180 is held 
fixed in position. By such beam deflecting arrangements it may be possible to 
S completely or partially dispense with the use of mechanical projection masks (e.g., 
masking system 150) and instead use electronic or optical beam guiding mechanisms 
to scan or step selected portions of workpiece 170 at a rapid pace. 

Using apparatus 1000, sequential lateral solidification of molten 
semiconductor material may be achieved using, for example, the processes that 
10 involve incremental movement or shifting the position of stage 180 between excimer 
laser pulses as described m the *531 patent The movements of stage 170 are small, 
so that the portions of the silicon thin film that are molten by sequential pulses are 
proximate to each other. The proximity of the two molten portions allows fhe first 
portion to recrystallize and propagate its crystal structure into the adjacent portion, 
15 which is melted by the next pulse. 

In the single shot recrystallization processes described here, apparatus 
1000 may be used to scan or step a laser beam across the surface of a semiconductor 
thin fihn by moving of stage assembly 1 80. The laser beam has sufficient intensity or 
fluence to melt target areas in the regions or spots at which the laser beam pulses are 
20 mcident To process an entire workpiece 170, stage assembly 180 may be moved 
predetermined distances to cause the laser beam to move along paths across 
semiconductor thin fihn 175/workpiece 170. FIG. 2 also schematically shows paths 
230, 255 etc. that may be traced by incident radiation beam 164 as it is moved across 
the surface of the workpiece 1 70. 
25 The number of paths and their geometrical orientation may be 

determined by the cross sectional dimensions of the laser beam and the target area 
requirements of the circuit or device applications for which workpiece 170 is bemg 
processed. Accordingly, the surfece of a semiconductor thin film 175/workpiece 170 
may be partitioned in a geometric array of regions for generating processing recipes 
30 for computer 1000 or otherwise controlling the operation of apparatus 1000. FIG. 2 
shows an exemplary geometrical partitioning of the surface of a semiconductor thin 
fihn 175 on workpiece 170. In the exemplary geometrical partitioning shown in FIG. 
2, the surface is divided into a number of rows (e.g., 205, 206, 207, etc.) each having 
a width W. The widths of rows W may be selected with consideration to the cross 
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sectional width of incident radiation beam 164. Each row contains one or more 
regions. As an illustrative numerical example, woilq)iece 170 may have x and y 
dimensions of about 30 cms and 40 cms, respectively. Each of rows 205, 206, 207, . . 
. etc., may, for example, have a width W of about 14 cm in the Y direction. This value 
5 of W may, for exanq)le, correspond a laser beam width of about the same size. Thus, 
the surfece of woikpiece 170 can be divided into eighty (80) rows each witih a length 
of about 30 cms in the X direction. Each row contains one or more regions whose 
combined lengUi equals 30 cms (not shown). 

The co-ordinates of each row may be stored in computer 100 for use 
10 by the processing recipes. Computer 1000 may use the stored co-oidinates, for 
example, to compute the direction, timing and travel (Ustances of stage 180 during Ihe 
processing. The co-ordinates also may be used, for example, to time the firing of 
laser 110 so that designated regions of semiconductor thin film 175 are irradiated as 
stage 180 is moved. 

15 Workpiece 170 may be translated in linear directions while silicon thin 

fihn 175 is being irradiated so that a linear strip of siUcon thin film 175 is exposed to 
radiation beams of melting intensity or fluence. The translation paths traced by the 
radiation beams may be configured so that the desired portions of the entire surfape of 
thin fihn silicon 175 are successively treated by exposure to laser beams. The 

20 translation paths may be configuredi for exanq)le, so that the laser beam traverses 
rows 205, 206, 207, etc. sequentially, hi FIG. 2, the radiation beam is mitially 
directed to a point 220 off side 210' near the left end of row 205. Path 230 represents, 
for example, tiie translation path traced by the center of the radiation beam through 
row 205 as stage 180 is moved in the negative X du-ection. 

25 The movement of stage 180 may be conducted in a series of steps in an 

intermittent stop-and-go fashion, or continuously without ptause until the center of flie 
radiation beam is directed to a pomt 240 near the right md of row 205. Palh segments 
225 and 235 represent extensions of path 230 that may extend beyond edges 210* and 
210" of workpiece 170 to points 220 and 240, respectively. These segments may be 

30 necessary to accommodate acceleration and deceleration of stage assembly 1 80 at the 
ends of path 230 and/or may be useful for reinitializing stage 180 position for moving 
, stage 180 in another direction. Stage 180 may, for example, be moved in the negative 
Y direction &om pomt 240, so that the center of the radiation beam traces path 245 to 
point 247 next to the right end of row 206 in prq)aration for ti?eating the silicon 
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material in row 206. From point 247 in manner similar to the movement along path 
230 in row 205 (but in the opposite direction), stage 180 is moved in the X direction 
so that ibs centra: of tiie radiation beam moves along path 255 irradiating tiiin film 
silicon material in row 206, The movement may be continued till the center of 
5 radiation beam is mcident at ^ot 265 that is near the left end of row 206. Path 
extensions 260 and 250 represent segments of path 255 that may extend beyond edges 
210' and 210" to spots 247 and 265, respectively. Further linear movement of stage 
180 in the Y direction moves the cento: of the incident radiation beam along path 270 
to a point 272 next to row 207. Then, the thin fihn silicon material in row 207 may be 

10 processed by moving stage 1 80 in the negative X direction along path 275 and further 
toward the opposite side 210"of worlq>iece 170. By continuing X and Y direction 
movements of stage 180 in the manner described for rows 205, 206. and 207, all of 
the rows on the surface of thin fihn silicon 175 may be treated or irradiated. It will be 
understood that flie particular du:ections or sequence of paths described above are 

15 used only for purposes of Ulustration, other directions or sequences may be used as 
appropriate. 

In an operation of apparatus 1000, silicon thin fihn 175 may be 
irradiated by beam pulse 1 64 whose geometrical profile is defined by masking system 
150. Maskmg system 150 may include suitable projection masks for fiiis purpose. 
Masking system 150 may cause a single incident radiation beam (e.g., beam 149) 
incident on it to dissemble into a pluraUty of beamlets in a geometrical pattera The 
beamlets irradiate a corresponding geometrical pattem of target areas in a region on 
. the thin fihn siUcon workpiece. The mtensity of each of the beamlets may be chosen 
to be sufficient to induce complete melting of irradiated thin fihn siUcon portions 
25 throughout their (fihn) thickness. 

The projection masks may be made of suitable materials that block 
passage of radiation through undesired cross sectional areas of beam 149 but allow 
passage through desired areas. An exemplary projection mask may have a 
blocking/unblocking pattem of rectangular stripes or other suitable geometrical 
shapes which may be arranged in random or in geometrical patterens. The stripes 
may, for exanq)le, be placed m a paraUel pattern as shown m FIG. 3a, or in a mixed 
parallel and orthogonal pattem as shown in FIG. 3b, or any other suitable pattem. 

With reference to FIG. 3a, exemplary mask 300A mcludes beam- 
blocking portions 310 which has a number of open or transparent sUts 301, 302, 303, 
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etc. Beam-blockirig portions 310 prevent passage of incident portions of incidaat 
beam 149 through mask 300A. In contrast, open or transparent slits 301, 302, 303, 
etc, permit passage of incident portions of radiation beam 149 through mask 300. 
Accordingly, radiation beam 164 exiting mask 300A has a cross section with a 
5 geometrical pattern coiresporiding to the parallel pattern of the plurality of open or 
transparent slits 301, 302, 303, etc. Hius when positioned in masking system 150, 
mask 300A may be used to pattern radiation beam 164 that is incident on 
semiconductor thin film 175 as a collection of parallel rectangular-shaped beamlets. 
The beamlets irradiate a corresponding pattern of rectangular target areas in a region 

10 on the surface of the on semiconductor thin fihn 175. The beamlet dimensions may 
be selected with a view to promote recrystallization or lateral solidification of thin 
fihn siUcon areas melted by a beamlet. For exanq)le, a side length of a beamlet may 
be chosen so that correspondmg target areas m adjoining regions are contiguous. The 
size of the beamlets and the inter beamlet sq)aration distances may be selected by 

15 suitable choice of the size and separation of transparent slits 301, 302, 303, etc. Open 
or transparent sUts 301, 302, 303, etc. having linear dimensions of the order of a 
micron or larger may, for example, generate laser radiation beamlets having 
dunensions that are suitable for recrystallization processing of silicon thin fihiis in 
many mstances. 

2^ FIG- 3b shows another exemplary mask 300B with a pattern which is 

different than that of mask 300A. In mask 300B, a number of open or transparent sUts 
351, 352, 361, 362 etc. may, for example, be arranged m pairs along the sides of 
squares. This mask 300B also may be used in masking system 150 to pattern the 
radiation beam 164 that is incident on semiconductor thin fihn 175. The radiation 

25 beam 164 may be patterned, for example, as a collection of beamlets arranged in 
square-sh^ed patterns. The beamlet dimensions may be selected wifli a view to 
promote recrystaUization or lateral solidification of thin fihn siKcon 2xm melted by a 
beamlet Open or transparent sUts 351, 352, 361, 362, etc. having linear dunensions 
of about 0.5 micron may generate laser radiation beamlets of suitable dimensions for 

30 recrystallization of thin fihn silicon areas 

It will be understood that the specific mask patterns shown m FIGS. 3a 

and 3b are exemplary. Any other suitable mask patterns may be used mcluding, for 

example, the chevron shaped patterns described m the '625 patent A particular mask 

pattern may be chosen m consideration of the desired phcement of TFTs or other 
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circuit or device elemeats in the semiconductor product for which the recrystallized 
thin fihn silicon material is intended 

FIG. 4 shows, for example, portions of workpiece 170 Ihat has been 
processed usmg mask 300A of FIG. 3a. C^^ask 300A may be rotated by about 90 

S degrees from the orientation shown in HG. 3 a). The portion shown corresponds to a 
row, for example, row 205 of workpiece 170 (FIG. 2). Row 205 of processed 
workpiece 170 includes recrystallized polycrystalline silicon linear regions or strips 
401, 402, etc. Each of the linear strips is a result of irradiation by a radiation beamlet 
formed by a corresponding mask slit 301, 302, etc. The continuous extent of 

10 recrystallized silicon in the linear strips across row 205 may be a consequence, for 
example, of a continuous movement of the stage 180 along path 230 under las^ beam 
exposure (FIG. 2). Strips 401, 402, may have a microstructure corresponding to the 
one shot exposure with colliding liquid/solid growth fronts in the center creating a 
long location-controlled grain boundary. Alternatively, in a directional solidification 

15 process the continuous extent may be a result of closely spaced stepped movements of 
stage 180 along path 230 that are sufficiently overlapping to permit formation of a 
continuous recrystalUzed sihcon strip. In this alternative process, the microstructure 
of the recrystallized material may have long grains parallel to the scanning direction. 
The recrystallized polycrystalline silicon (e.g. strips 401, 402, etc.) may have a 

20 generally uniform structure, which may be suitable for placement of the active region 
of one or more TFT devices. Similarly, FIG. 5 shows, exemplary results using mask 
300B of FIG. 3b. Exemplary processed workpiece 170 includes recrystallized 
polycrystalline silicon strips 501, 502, etc. Recrystallized polycrystalline silicon 
strips 501, 502, etc, like strips 401 and 402 may have a uniform crystalline structure, 

25 which is suitable for placement of the active regions of TFT devices. Strips 501 and 
502 that are shown to be generally at right angles to each other may correspond to 
radiation beamlets formed by orthogonal mask slits (e.g., FIG. 3b slits 351, 361). The 
distinct geometrical orientation and physical separation of strips 501 and 502 (in 
contrast to extended length of strips 401 and 402) may be a consequence, for example, 

30 of physically separated exposure to laser radiation during the processing of worlqpiece 
170. The separated radiation exposure may be achieved by stepped movement of 
stage 180 (e.g., along path 230 FIG. 2) during the processing. Additionally or 
alternatively, the separated exposure may be achieved by triggering laser 110 to 
generate radiation pulses at appropriate times and positions of stage 180 along path 

-12. 



10 



15 



20 



25 



WO 2004/017380 ~PCT/US2003/025947 

230 while stage 180 and laser beam 164 are moved or scanned relative to each other 
at constant speeds. 

Computer 100 may be used control the triggering of laser 110 at 
appropriate times and positions during the movement of stage 180. Computer 100 
5 may act according to preprogrammed processing recipes that, for example, include 
geometrical design information for a workpiece-in-process. FIG. 6 shows an 
exemplary design pattern 600 that may be used by computer 1000 to trigger laser 110 
at appropriate times. Pattern 600 may be a geometrical grid covering thin fihn silicon 
175/workpiece 170. The grid may, for example, be a rectangular x-y grid having co- 
ordinates (xl, x2, . . . etc.) and (yl, y2, . . . etc.). The grid spacings maybe regular 
or hregular by design. Pattern 600 may be laid out as physical fiducial mariss (e.g., on 
the thin fihn silicon workpiece) or may be a mathematical construct in the processing 
recipes. Computer 100 may trigger laser 110 when stage 180 is at the grid co- 
ordinates (xi, yi). Computer 100 may do so in req)onse, for example, to conventional 
position sensors or indicators, which may be deployed to sense the position of stage 
180. Alternatively, computer 100 may trigger laser 1 10 at computed times, w^ch are 
computed from parameters such as an initial stage position, and the speeds and 
direction of stage movements &om the initial stage positioa Computer 100 also may 
be used advantageously to mstruct laser 1 10 to emit radiation pulses at a variable rate, 
rather than at a usual even rate. The variable rate of pulse generation may be used 
beneficiaUy to accommodate changes in the speed of stage 180, for example, as it 
accelerates or decelerates at the ends of paths 230 and the like. 

It will be understood that the foregoing is only illustrative of the 
principles of the invention and that various modifications can be made by those 
skilled in the art without departmg from flie scope and spirit of the invention, which is 
limited only by the claims that follow. 
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1 . A method for recrystallizing a semiconductor thin fOhn to improve its 
crystalline quality, comprising the steps of: 

(a) irradiating a first region of a surface of the semiconductor thin film with a 



pulse of a radiation beam, wherein the radiation beam is first patterned into at least 
one beamlet in a pattern of beamlets, wherein eachbeamlet is incident on a target area 
in the first region, wherein each beamlet has sufficient fluence to melt semiconductor 
matmal in the target area on which it is incident, and wherem the molten 
10 semiconductor material in the target area recrystallizes when it is no longer exposed 
to the incident beamlet; and 

(b) continuously translating the semiconductor thin film relative to the 
radiation beam so that a next region of the surface of the semiconductor thin film is 
irradiated in the same manner as step (a). 



2. The method of claim 1, wherein the beamlets have cross sectional dimensions 



3. The method of claim I fiirther comprising the step of using a mask to pattern 
20 tiie beamlets firom the radiation beam pulse. 

4. The method of claim 3, wherein Ifae mask comprises: 

a blocking portion that blocks through passage of radiation incident on it; 
a plurality of slits in a pattern, wherein the slits allow through passage of 
25 radiation incident on them, and wherein the slits are disposed substantially parallel to 
each other in the pattern. 

5. The method ofclaim 3, wherein the mask comprises: 



15 



of the order of a micron. 



30 



a blocking portion that blocks through passage of radiation incident on it; 

a plurality of slits in a pattern, wherein the sUts allow through passage of 
radiation incident on them, and wherein the slits are arranged in pairs along the sides 
of rectangles in the pattern.^ 



6. the method ofclaim 1, fiirther the step of coniprising supporting the 
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semiconductor thin film on a movable stage, and wherein translating the 
semiconductor thin film relative to the radiation beam comprises moving the movable 
stage along a linear path to the next region. 

5 7. The method of claim 6, wherein the s^tniconductor thin film comprises rows 
of regions, fiirther comprising moving the movable stage along the linear path through 
a first row of regions on the surface of the semiconductor thin film. 

8. The method of claim 7 wherein the movable stage is moved continuously 
10 without pause through the row of regions, 

9, The method of claim 7 wherein the movable stage is paused at a region and is 
then stepped to an adjacent region. 

. 15 10. The method of claim 7 further comprising moving the movable stage along 
linear paths throu^ successive rows of regions until the entire surface of the 
semiconductor thin film has been processed 

11. The method of claim 1 wherem at least one of the target areas in the first 
20 region is contiguous to a corresponding target area m the next region, so that after 

irradiation of the first and next regions an extended strip or lecrystallized 
semiconductor material is formed. 

12. A method for recrystallizing a semiconductor thin filrn to improve its 
25 crystalline quality, comprising the steps of : 

(a) using a laser to generate a pulse of a radiation beam; 

(b) irradiating a first region of a surface of the semiconductor Ihin fihn 
with the pulse of the radiation beam, wherein &e radiation beam is first 

at least one beamlet in a pattern of beamlets, wherem each beamlet is incident on a 
30 target area in the first region, wherein each beamlet has sufScient fluence to melt 
semiconductor material in the target area on which it is incident, and wherein the 
molten semiconductor material in the target area recrystallizes when it is no longer 
exposed to the incident beamlet; and 
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(c) after irradiating the first region of the surface of the semiconductor thin 
film with the pulse of the radiation beam, translating the semiconductor thin film 
relative to the radiation beam so fliat a next region of the sur&ce of the semiconductor 
thin fihn is irradiated m the manner of steps (a) and (b). 

5 

13. The method of claim 12, wherein the laser is triggered to generate the pulse of 
the radiation beam according to the position of the thin film semiconductor region 
relative to the radiation beam. 

10 14. The method of claim 12, finlher comprising supporting the semiconductor thin 
film on a movable stage, and wherein translatmg the semiconductor thin fihn relative 
to the radiation beam comprises moving the movable stage, and wherein the laser is 
triggered to generate the pulse of the radiation beam according to the position of the 
movable stage. 

15 

15. The method of claim 14, wherein the position of the movable stage is sensed 
by position sensors. 

16. The method of claim 14, wherein the position of the movable stage is 
20 computed firom an mitial position of the stage. 
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^ (57) At>straet: .Substrates having modified effective thennal conductivity for use in the sequential lateral solidification process are 
g disclosed. In one anangement, a substrate includes a glass base layer, a low conductivity layer formed adjacent to a surfece of the 

base layer, a high conductivity layer formed adjacent to the low conductivity layer, a silicon compound layer formed adjacent to 
Q the high conductivity layer, and a silicon layer formed on the silicon compound layer. In an alternative anangement, the substrate 

includes an internal subsurface melting layer which will act as a heat reservoir during subsequent sequential lateral solidification 
^ processing. 
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SPECIALIZED SUBSTRATES FOR USE 
m SEQUENTIAL LATERAL SOLIDIFICATION PROCESSING 

SPECMCATrnN 

BACKGROUND OF THR TNVENTION 
1. Field of the invention. 

The present invention relates to techniques for processing of 
semiconductor fihns, and more particularly to techniques for processing semiconductor 
fihns on glass or other substrates. 

iL Description of the related art. 

Techniques for febricating large grained single crystal orpolycrystalline 
silicon thin fihns using siequential lateral solidification are known in the art For 
example, in U.S. Patent Application Serial No. 09/390,537, the contents of which are 
incorporated by reference herein and which application is assigned to the common 
assignee of the present application, particularly advantageous jqjparatus and mefliods for 
growing large grained polyciystalline or smgle crystal silicon stinctures using energy- 
controUable laser pulses and small-scale translation of a silicon sample to implement 
sequaitial latwal solidification are disclosed. Using the sequential lateral solidification 
technique, low defect density crystalline silicon fihns can be produced on those substrates 
tiiat do not permit epitaxial regrowth, upon which high performance microelectronic 
devices can be fabricated. 

The effectiveness with which sequential lateral solidification can be 
implemented depends on several factors, the most important of which corresponds to flie 
length of lateral crystal growth achieved per laser pulse. Such lateral crystal growth 
depends on several parameters, including the duration of the laser pulses, film thickness, 
substate temperature at the point of laser pulse irradiation, the energy density of the laser 
pulse incident on the substrate, and flie effective thermal conductivity of the substrate. 
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In particular, if all other fectors are kqpt constant, reducing the thermal conductivity of 
the substrate will have the efifect of increasing lateral crystal growth. 

While there have been attempts to utilize low thermal conductivity 

materials, such as porous glass, in connection with sequential lateral solidification for the 
purpose of enhancing lateral crystal growth, such attempts have not achieved 
commercially viable results. For exanq)le, when a porous glass layer is used under a 
silicon fihn in the sequential lateral solidification process densification, and subsequent 
physical distortion, of such glass has been obsaved. Accordingly, there exists a need in 
die art for a technique for febricating substrates having a modified effective thennal 
conductivity in order to optimize the sequential lateral solidification process. 

SUMMARY OF THE INVRNtTnTJ 
Anobjectoflhepresemtinventionis to provide substrates having modified 
effective thennal conductivity which can be later used in an optimized sequential lateral 
solidification process. 

A further object of the present invartion is to provide substrates having 
modified effective thamal conductivity. 

Still a fiirther object of the present invention is to provide substrates 
having a directionalfy optimized effective thermal conductivity. 

Yet a fifftha: object of die present invention is to provide multi layer 
substrates where one or more of the subsurfece layers act as a heat resovoir in order to 
optimize the effective thermal characteristics of the substrate. 

In order to achieve these objectives as well as othos that will become 
^parent with reference to the following specification, fli6 present mveation provides a 
substrate having modified effective thermal conductivity for use in flie sequential lateral 
solidification prbcess. The substrate includes abase layer, e.g., gjass, a low conductivity 
laya: fi)rmed adjacrait to a surface of die base layer, a high conductivity layer formed 
adjacent to the low conductivity layer, and a silicon layer formed on the high 
conductivity layer. 

In apreferred arrangement, the low conductivity layer is porous glass, and 
is in the range of 5,000 Angstroms to 2 microns diick. The high conductivity layer may 
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be a metal, and should be sufficiently thin so as to not increase the overall vertical 
conductivity of the substrate, preferably in the range of 50 to 5,000 Angstroms thick. 

Anintennediate silicon compound layer is preferably fonnedbetween the 
silicon layer and the high conductivity layer. The silicon compound may be silicon 
5 dioxide, and should be sufficiently thick to prevent diffusion of impurities from the high 
conductivity layer. It is preferred that the silicon compound layer is in the range of 200 
to 2,000 Angstroms thick 

In an alternative arrangement, the present invention provides a substrate 
having modified effective thermal conductivity for use in the sequential lateral 

10 solidification process, wherein the high conductivity layer is replaced by an intemal 
subsurface melting layer. In this arrangement, the substrate includes a base layer, a low 
conductivity layer formed adjacent to the base layer, a subsurface melting layer having 
a melting point which is less than that of silicon and formed adjacent to the low 
conductivity layer, a silicon compound layer formed adjacent to the subsurface melting 

1 5 layer, and silicon layer formed on the siUcon compound layer. 

The accompanying drawings, which are incorporated and constitute part 
of this disclosure, illustrate a preferred embodiment of the invention and serve to explain 
the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 Fig. I isaschematicdiagramofasubstrateinaccordancewithapreferred 

embodiment of the preset invention; 

Fig. 2 is an illustrative diagram showing lateral solidification of silicon; 
Figs. 3a and b are graphs showing the relationship between the 
temperature of solidifying silicon and the position of such silicon around a liquid to solid 
25 inter&ce;and 

Fig. 4 is a schematic diagram of a substrate m accordance with a second 
preferred embodiment of the present invention. 
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DESCRIPTIQN OF PRHPRRR HD EMBODTVnRhJTS 
Referring to Fig. 1, a preferred anbodiment of the present invention will 
be described. As shown inFig. 1, the substrate 100 includes abulk glassplate layer 1 10, 
a low conductivity layer 120, a high conductivity layer 130, a siUcon dioxide layer 130 
5 and a semiconducting fihn layer 150. The multUayer structure of substrate 100 may be 
febricated by any combination of thin fihn formation techniques, such as physical or 
chemical vapor deposition, electrochemical deposition, or spin coating. 

The low conductivity layw 120 may be porous glass or a polymer film 
laya:. In addition, the layer 120 must have a conductivity which is less than the glass 
10 plate llOandsufficientiythicksothatthe glassplate layer 110 willnotparticipatewhen 
the substrate 100 is used in later processing. Layer 120 will be in tiie order of 5,000 
Angstroms to 2 microns thick. 

The high conductivity layer 130 may be ametallic layer such as copper 
oraluminum. Thehigphconductivitylayermusthaveaconductivitywhichisgreaterthan 
1-5 fliat of the glass plate 1 10, and sufBcientiy thin so as to not increase the overall vertical 
conductivity of tiie substrate 100, i.e., conductivity in the direction which crosses layers 
110, 120, 130, 140, 150. Typically, layer 130 will be in the order of 50 to 5,000 
Angstroms thick. 

The silicon dioxide layer 140 should be sufficientiy fliick to prevent 
20 potential difEusion of unwanted impurities &om the underlying layer 130 to the silicon 

cap 150. The Layer 140 will be in flie order of 200 to 2,000 Angstroms tiiick. 

Alternatively, the layer 1 40 may be fabricated &om silicon nitride or a mixture of silicon 

dioxide and silicon nitride. 

Alternatively, tiie high conductivity layer 130 may be formed from a 
25 material which is electrically and chemically conq)atible with tiie saniconducting fihn 

layo- 150, such as diamond. In this case, the silicon dioxide layer 140 may be omitted, 

with tiie semiconducting fihn layer 150 formed direcfly on the high conductivity layer 

130. 

Finally, the top semiconducting fihn layer may be either be amorphous, 
30 microcrystalline or polycrystalline sihcon, or amixtiirefliereof: Typically, layer 150 wiU 
be in the ord^ of 200 to 2,000 Angstroms thick. 
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When fabricated as described above, the substrate 100 will exhibit either 
a reduced overall effective thermal conductivity, or a reduced effective thennal 
conductivity in the vertical direction. Having such a modified thermal conductivity, the 
substrate 100 is highly useful in order to improve lateral crystal growth m the lateral 
5 solidification process, as will be now described. 

Referring next to Fig. 2, the lateral solidification of sihcon in accordance 
with the above-noted sequential lateral solidification technique is illustrated. Fig. 2 
represents a cross sectional view of the silicon fihn 150 as it may ^pear during lateral 
soUdification,withUquidsmcon 210 soUdifyinginto crystalline silicon220 at a velocity 
10 Vg. As the liquid siHcon soUdifies through the motion of the interface 230, latent heat 
is released at the interface 230 due to reduction in enthalpy associated with the liquid to 
solid transition. The lateral soUdification will continue along moving boundary 230 
until either impingement of the interfece with another similar interfece, or until 
nucleatioiL 

1^ Referring next to Fig. 3a, a grqihs ^owmg the relationship between the 

temperature of solidifymg silicon and the position of such silicon around a liquid to soUd 
interface is shown, whore Tbuik represents the temperature of the bulk liquid sihcon as it 
cools. Tin, represents the temperature of the siHcon as the iaterfece 230, and 
represents the melting temperature of sihcon. As those skilled in the art will ^preciate, 

20 the temperature of 7^, will impact the growth rate of the forming crystal, with a lower 
tenq)erature leadmg to a fester growth rate. Likewise, when Ti^k reaches a certam 
tenq)erature range, random nucleation will commence, ceasing the crystal growtii 
process. 

Referring to Fig. 3b, two possible temperature profiles for solidifying 
25 sihcon are shown, at a time t after laser irradiation. The temperature profile 310 
represents a poor temperature profile, as the high interfece temperature will cause slow 
lateral soUdification, and the low temperature m the region away &om flie interfece 230 
will cause the temperature of those regions of Uquid sihcon to drop below the nucleation 
temperature range, ATn. Ih contrast the temperature profile 320 represents a optimal 
30 temperature profile, with a lower interface temperatiire causmg more rapid lateral 
soUdification, and a less cooUng in the Uquid sihcon away &om. Hut mterface 230 such 
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lliat the temperature remains above tiie nucleation temperature range for a loner time. 

Referring next to Fig. 4, a substrate in accordance with a second preferred 
embodiment ofthe present invention is now described. As shown in Fig. 4, the substrate 
400 includes a bulk glass plate layer 410, a low conductivity layer 420, a subsurfece 
melting layer 430, a silicon dioxide layer 430 and a semiconductor layer 450 made fiom 
a predetermined semiconductor material The low conductivity layer 420, a silicon 
dioxide layer 430 and semiconductor lay« 450 may be fibricated as described above in 
connection with substrate 100 by any combination of thin fiam formation techniques, 
such as physical or chemical vapor deposition, electrochemical deposition, or spin 
coating. 

The subsurfece melting layer 430 must have a melting pomt which is less 
than or equal to that of the predetennmed semiconductor material, and preferably should 
exhibit an mcreased conductivify after melting. In addition, it is highly preferable to use 
a material having a high latrait heat for the melting layer 430, such as a Silicon 
Germanium alloy. A 1000 Angstrom thick layer of Silicon Germanium alloy would be 
suitable for melting layer 430. Alternatively, an approximately 1000 Angstrom thick 
layer of certain metals such as Aluminum or Copper could be used for melting layer 430. 

When fabricated as described above, the substrate 400 will exhibit either 
a reduced overall effective fliermal conductivity, or a reduced effective tiiemial 
conductivity in the vertical durection. Vfbm used in the sequential lateral solidification 
process, flie melting layer 430 will partially or completely melt, thereby storing heat. 
Later, as the melting layer solidifies, heat will be released through the phase 
transformation fiom liquid to soUd, thereby preventmg r^id cooling ofthe overlying 
silicon layer 450, and delaying nucleation. Thus, as shown in Fig. 3b, flie solidification 
ofthe meltmg layer 430 will have tiie effect of moving flie temperatiire profile of tiie 
solidi^dng silicon layer up &om profile 310 to profile 320 in flie regions away from flie 
boundary 230. With such a modified fliermal conductivity, the substrate 400 is likewise 
highly usefiil in order to improve lateral crystal growtti in tiie lateral soUdification 
process. 

The foregoing merely illustrates flie piincq)les of flie invention. Various 
modifications and alterations to the desracibed embodiments will be apparent to those 
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skilled in the art in view of the teachings herein. For exanq)le, the silicon layer 1 50, 450 
may be r^lacedby other semiconductors suchGennamum, Silicon Gemumium, Gallium 
Arsenide, or Gallium Nitride, with, in the case of the second embodiment, suitable 
modifications to the melting layer 43 0. Likewise, other metals may be used for the high 
conductivity layer 130. Moreover, the high and low conductivity layers may be either 
a single unitary layer, or consist of multiple sub-layers. It will thus b e q>preciated that 
fliose skilled in the art will be able to devise numaous systems and methods which, 
althoughnot e2q>licitly shownor describedherein, embody theprinciples of the invmtion 
and are tiius wifliin the spirit and scope of the inventioiL 
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CLAIMS 

1. A substrate having modified effective thermal conductivity for use in the 
sequential lateral solidification process, comprising: 

(a) a base layer having a base layer conductivity and at least a top surfece; 

(b) a low conductivity layar having a conductivity which is less than said 
base layer conductivity, a first side and a second side, said low 
conductivity layer first side formed adj acent to said top surface of said 
base layer; 

(c) a high conductivity layer having a conductivity which is greater than 
said base layer conductivity, a first side and a second side, said hig|h 
conductivity layer first side formed adjacent to said second side of said 
low conductivity layCT; and 

(d) a semiconductor layer formed on said second side of said high 
conductivity layer, 

2. The substrate of claim 1 , wherein said low conductivity, layer comprises porous 
glass. 

3. The substrate of claim 2, wherein said low conductivity layer is in the range of 
5,000 Angstroms to 2 microns thiclc 

4. The substrate of claim 1, wherein said high conductivity layer comprises a metal. 

5. The substrate of claim 4, wherein said high conductivity layer is suflSciently thin 
so as to not increase the overall vertical conductivity of said substrate. 

6. The substrate of claim 4, wherein said high conductivity layer is in the range of 
SO to 5,000 Angstroms thick. 
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7« The substrate of claim 1, furttid: comprising a silicon compound layer having 
said predetennined silicon compound conductivity, a first side and a second side» 
wherein said silicon compound layer first side is formed adjacent to said second side of 
said high conductivity layer and said semiconductor layer is formed on said second side 
of said silicon compound layer. 

8. The substrate of claim 7, wherein said silicon compound comprises silicon 
dioxide, and said silicon compound layer is sufficiently thick to prevent difRision of 
impurities from said high conductivity layer. 

9. The substrate of claim 8, wherein said silicon compound layer is in the range of 
200 to 2,000 Angstroms thick. 

10. The substrate of clabn 1, wherein said base layer comprises glass. 

11. A substrate having modified effective thermal conductivity for use in the 
sequential lateral solidification process, comprising: 

(a) a base layer having a base layer conductivity and at least a top sur&ce; 

(b) a low conductivity layer having a conductivity which is less than said 
base layer conductivity, a first side and a second side, said low 
conductivity layer first side formed adjacent to said top surface of said 
base layer; 

(c) a subsurface melting layer having a melting point which is less than or 
equal to that of a predetermined semiconductor material, a first side and 
a second side, said subsurface meltmg layer first side formed adjacent to 
said second side of said low conductivity layer; 

(d) a silicon compound layer having a first side and a second side, said 
sihcon compoimd layer first side formed adjacent to said second side of 
said subsurface melting layer; and 

(e) a semiconductor layer comprismg said predetennined semiconductor 
material and formed on said second side of said silicon compound layer. 
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12. The substrate of claim 11, wherein said low conductiYity layer comprises porous 
glass. 

13. The substrate of claim 12, wherein said low conductivity layer is in the range of 
5,000 Angstroms to 2 microns thick. 

14. The substrate of claim 11, wherein said melting layer exhibits an increased 
conductivity after melting. 

15. The substrate of claim 1 1, wherein saidmeltinglayer comprises amaterial having 
a high latent heat 

16. The substrate of claim 15, wherein said melting layer comprises Silicon 
Germanium. 

17. The substrate of claim 16, wherein said melting layer is approximately 1000 
Angstroms thick. 

18. The substrate of claim 11, wherein said silicon compound comprises silicon 
dioxide, and said silicon compound layer is sufficiently thick to prevent difiusion of 
impurities fiom said melting layer. 

1 9. The substrate of claim 1 8, wherein said silicon compound layer is in the range 
of 200 to 2,000 Angstroms thick. 

20. The substrate of claim 1 1, wherein said base layer comprises glass. 
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DESCRIPTION 

BLBCmONIC DBVICB MANUFACTURE BY ENERGY BEAM CRYSTALUSATION 

This invention relates to methods of manufacturing electronic devices 
comprising a thin-film circuit element, including the step of directing an energy 
beam at a surface of a semiconductor thin film to crystallise at least a portion 
of the thin film. The device may be a flat panel display (for example, a liquid 
crystal display), or a large area Image sensor or several other types of large- 
area electronic device (for example, a thin-film data store or memory device). 
The invention also relates to apparatus for crystallising a portion of a 
semiconductor thin film. 

There is much interest in developing thin-film circuits with thin-film 
transistors (hereinafter termed TFTs) and/or other semiconductor circuit 
elements on insulating substrates for large-area electronics applications. These 
circuit elements fabricated with portions of an amorphous or polycrystalline 
semiconductor film may form the switching elements in a cell matrix, for 
example in a flat panel display as described in United States Patent 
Specification US-A-5, 130.829 (our reference PHB 33646). the whole contents 
of which are hereby incorporated herein as reference material. 

Recent developments involve the fabrication and integration of thin-film 
circuits (usually with polycrystalline silicon) as, for example, integrated drive 
circuits for such a cell matrix. In order to increase the circuit speed, it is 
advantageous to use semiconductor material of good crystal quality and high 
mobility for thin-film islands of the TFTs of these circuits. It is known to deposit 
a semiconductor thin film of amorphous material or of low crystalllnity material 
and then to form the material of high crystallinity in at least a device portion of 
this film by exposure to an energy beam from a laser. 

United States Patent Specification US-A-5,372,836 discloses a method 
of manufacturing an electronic device comprising a thin-film circuit element, 
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which method includes the steps of: 

(a) directing an energy beam at a surface area of a semiconductor 
thin film on a substrate to crystallise at least a portion of the thin film. 

(b) monitoring the surface quality of the crystallised portion of the thin 
film by directing light at the surface area of the crystallised portion and by 
detecting with a light detector the light returned from the surface area, the light 
detector giving an output indicative of the monitored surface quality, and 

(c) setting the energy of Uie beam in accordance with the output from 
the light detector to regulate the crystallisation of a device portion of a 
semiconductor thin film at which the beam is subsequently directed with its set 
energy. 

The whole contents of US-A-5,372,836 are hereby incorporated herein 
as reference material. 

In the method and apparatus described in US-A-5, 372.836 the light 
detector is a spectroscope 16. The light source 17 for directing the light at the 
surface area of the crystallised thin-film portion has a wide wavelength band 
from 200nm to 500nm. The spectroscope 16 is located in the specular 
reflection path of the light returned by the surface area of the film. Sample 
outputs of the spectroscope 16 are depicted as graphs in Figures 18 to 21 of 
US-A-5,372.836, showing the bandgap spectral reflectance of a film in various 
crystallisation states. The spectral reflectance shown in these graphs are for 
a polycrystalline silicon film in an ideal state in Figure 18, for an amorphous 
silicon film in Figure 19, for an amorphous silicon film insufficiently transformed 
into polycrystalline silicon in Figure 20 due to an insufficient energy of the laser 
beam, and for a film damaged by an excessive energy of the laser beam in 
Figure 21. 

In the method described in US-A-5,372,836, the semiconductor thin film 
is deposited on the substrate as hydrogenated amorphous silicon material by 
a plasma CVD (chemical vapour deposition) process. The device portion of the 
film is subjected to multiple exposures with the laser beam, the energy of the 
laser beam being progressively increased with each exposure. Initially, the 
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energy levels of the laser beam are set such that hydrogen is gradually 
discharged from the film without crystallising or damaging the film. The energy 
of the beam is finally set such that the film is transformed into a polycrystalline 
silicon material. The spectroscope 16 provides a good source of information 
on the quality of the exposed film portion at the different stages. 

As can be seen ft-om Figures 18 to 20 of US-A-5,372,836, such an 
anrangement with specular reflection to a spectroscope can provide a good 
indication of whether the film is still inadequately crystallised so enabling 
increased crystallisation of the film to be carried out by a further exposure with 
an increased beam energy. As shown in Figure 21. such an arrangement is 
also good for detecting when an excessive energy level has been used and has 
damaged the film. However, as described in column 13, lines 12 to 15, when 
the spectroscopic reflectance distribution shown in Figure 21 is detected, the 
sample is a defective one. It is then too late to remedy the situation, and the 
sample can only be discarded as being defective. 

It is an aim of the present invention to provide a different light detection 
arrangement which provides an indication of a threshold change in monitored 
surface quality of the tiiin film prior to the occunrence of such damage, and so 
pemiits the use of a high beam energy in order to provide crystallised 
semiconductor material of good crystal quality and high mobility. 

According to a first aspect of the present invention there is provided a 
method of manufacturing an electronic device comprising a thin-film circuit 
element, which method Includes the steps of: 

(a) directing an energy beam at a surface area of a semiconductor thin 
film on a substrate to crystallise at least a portion of the tiiin film, 

(b) monitoring the surface quality of the crystallised portion of the thin 
film by directing light at the surface area of the crystallised portion and by 
detecting with a light detector the light returned by the surface area, the light 
detector giving an output indicative of the monitored surface quality, and 

(c) setting the energy of the beam in accordance with the output from 
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the light detector to regulate the crystallisation of a device portion of a 
semiconductor thin film at which the beam is subsequently directed with its set 
energy. 

characterised in that the light detector is located at a position outside the 
specular reflection path of the light returned by the surface area of the 
crystallised portion and detects a threshold increase in Intensity of the light 
being scattered by the surface area of the crystallised portion, which threshold 
increase occurs when the energy of the beam is increased sufficiently to cause 
an onset of surface roughening, and in that, when crystallising the device 
portion for the thin-film circuit element during the step (c), the energy of the 
beam is set to a value as detemiined by the detection of said threshold 
increase. 

The present Invention utilises a discovery by the present inventors that, 
as the beam energy is Increased, there Is an onset of surface roughening which 
occurs before the thin film is damaged by an excessive energy level. The 
onset of surface roughening seems to relate to a sudden appearance of a 
spatially periodic perturbation (ripples) in the crystallised semiconductor 
material as described in the article "Surface roughness effects in laser 
crystallised polycrystalline silicon" by the present Inventors, published in 
Applied Physics Letters, Vol 66, No 16, 17 April 1995, pages 2060 to 2062, the 
whole contents of which are incorporated herein as reference material, this 
onset of surface roughening precedes an increase in grain size which occurs 
as melt-through of the film is approached, I.e when the absorbed energy of the 
beam In the film is sufficient to form a molten zone which reaches through most 
of the thickness of the film to the substrate. The present Inventors find that this 
particular onset of surface roughening cannot be detected with adequate 
sensitivity using specularly reflected light. However, an arrangement in 
accordance with the present invention which detects light scattered by the 
crystallised surface area is . able to detect the particular onset of surface 
roughening and has sufficient sensitivity for reliable and accurate detection in 
a manufacturing situation. Thus, the present invention permits detection of this 



wo 98/24118 



]fCT/IB97/01186 



5 

onset of surface roughening to be used to set the beam energy for a large- 
grain high-mobility crystal state of the thin film. 

Thus, the present invention permits the energy of the beam to be 
Increased to a value (as reliably determined by the detection of this threshold 
increase in scattered light) for producing large-grain good-quality high-mobility 
crystal material, below an excessive energy level associated with damage to 
the film. Good quality crystallised film portions with electron mobilities in 
excess of 1 0OcmlVVs"^ can be reliably obtained in accordance with the present 
Invention. Generally speaking, the optimum beam energy for maximum film 
mobility does not coincide with the energy at which the onset of this surface 
roughening occurs as detected by said threshold increase in scattered light, but 
occurs at a slightly higher energy. Thus, for maximum film mobility, the energy 
of the beam is set to a value of (E + dE), where E is the energy at which this 
particular onset of surface roughening is detected and dE is a small 
incremental Increase (for example 10 to 60 mJ.cm'^) for typical thicknesses of 
the thin film required for most circuit elements of large area electronic devices. 
The value of dE increases with increasing values of E, as described hereinafter. 

In a batch manufacturing process where a batch of thin films on 
substrates are crystallised with the energy beam, the energy of the beam may 
be set to an operational value when processing a first substrate in the batch, 
and this operational value may then be used for subsequent substrates in the 
batch. However, it is advantageous to monitor the surface quality and so to 
regulate the energy value of the beam for each substrate in the batch. Thus, 
the present inventors find that the threshold increase in scattered light intensity 
occurs at an energy value E which is dependent on the thickness of the thin 
film. 

The present invention permits the energy value of the beam to be set in 
accordance with the actual thickness of the film of any given sample, so that 
the energy value can be set for each sample. Thus, the portion crystallised in 
step (a) for monitoring in step (b) may be a part of the same semiconductor 
thin film as the device portion subsequently crystallised with the beam of set 
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energy in step (c). The device portion of the thin film may be a separate area 
from a test surface area of the film where the monitoring of step (b) is carried 
out. Thus, a method in accordance with the present invention may be further 
characterised by the steps of directing the energy beam at a test surface area 
of the semiconductor film in step (a), setting the energy of the beam to the set 
value by monitoring the quality of the crystallised test surface area by means 
of the scattered light in step (b), and directing the energy beam with the set 
value of energy at a different surface area of the same semiconductor thin film 
to crystallise the device portion for the thin-film circuit element. It is convenient 
to provide the test area as a peripheral area of the semiconductor thin film. 
Thus, the energy beam may first be scanned along the test area to regulate its 
energy, after which it may be scanned along the device area with the set value. 

According to a second aspect of the present invention there is provided 
apparatus for crystallising a portion of a semiconductor thin film on a substrate 
comprising 

a laser for generating an energy beam to crystallise the portion of the 
thin film, 

a processing cell containing a support for mounting the substrate. 

an optical system between the laser and the processing cell to direct the 
beam firom the laser at a surface area of the thin film when the substrate is 
mounted in the processing cell, 

adaptor means for changing the energy of the beam incident on the film, 

a light source for directing light at the surface area of the crystallised 
portion of the thin film, and 

a light detector for detecting the light returned by the surface area, the 
light detector giving an output indicative of the surface quality, 

characterised in that the light detector is located at a position outside the 
specular reflection path of the light returned by the surface area of the 
crystallised portion and has sufficient sensitivity to detect a threshold increase 
in intensity of the light being scattered by the surface area of the crystallised 
portion, which threshold increase occurs when the energy of the beam is 
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increased sufficiently to cause tlie onset of surfaice roughening, and control 
means take an input from tiie output of the light detector and provide an output 
to the adaptor means for setting the energy of the beam to a value as 
determined by the detection of said threshold increase. 

Preferably the energy of the beam is adjusted to the set value by means 
of an attenuator or other optical element which is located in the path of the 
beam, and which forms part of the optical system between the laser and the 
processing cell. Using an optical element as the adaptor means is more 
preferable than adjusting the electrical power supply to the laser, because 
adjustment of the laser itself via the power supply during operation tends to 
cause instability. 

The scattered light which is detected may be directed at the surface area 
of the crystallised portion from a light source independent of the beam used for 
crystallising the thin-film portion. However, the beam used for crystallising the 
thin-film portion may be generated by a laser, and this laser and its generated 
beam may also provide the light which is scattered to the light detector for 
monitoring the surface quality in step (b) of the method. 

These and other features In accordance with the present invention, and 
their advantages, are illustrated specifically in embodiments of the invention 
now to be described, byway of example, with reference to the accompanying 
diagrammatic drawings, in which: 

Figure 1 is a schematic of laser apparatus in accordance with the 
present invention and suitable for use in a manufacturing method also in 
accordance with the present invention; 

Figure 2 is a schematic cross-sectional view of a semiconductor thin film 
on a substrate during the manufacture of an electronic device in accordance 
with the present invention; 

Figure 3 is a plan view of different areas of the semiconductor film of the 
Figure 2; 

Figure 4 is a cross-section view of one example of a TFT fabricated with 
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a film portion crystallised in a method in accordance with the invention; 

Figure 5 is a graph of electron mobility Ot/„) in cm^V\s-^ in a crystallised 
film portion, as a function of peak laser energy (Ep) In mJ.cm ^ per pulse for 
different fijm thicknesses (tgi) in nm; and 

Figure 6 is a graph of scattered light Intensity 1^ in arbitrary units as a 
function of peak laser energy (Ep) in mJ.cm-^ per pulse for a film thickness tg 
of 40nm. 

It should be noted that Figures 1 to 4 are diagrammatic and not drawn 
to scale. Relative dimensions and proportions of parts of these Figures have 
been shown exaggerated or reduced in size, for the sake of clarity and 
convenience In the drawings. The same reference signs are generally used to 
refer to conresponding or similar features in different embodiments. 

As illustrated by examples in Figures 1 to 3, the present Invention 
provides both a method of manufacturing a large-area electronic device (for 
example a flat panel display similar to that disclosed In US-A-5, 130^829) and 
also apparatus for crystallising a portion of a semiconductor thin film 1 in such 
a method. 

The method includes the steps of: 

(a) directing an energy beam 1 1 at a surface area of a semiconductor 
thin film 1 on a substrate 10 to crystallise at least a portion 2 of the thin film 1 
(Figure 2), 

(b) monitoring the surface quality of the crystallised portion 2 of the thin 
film 1 by directing light 21 at the surface area of the crystallised portion 2 and 
by detecting with a light detector 22 the light returned by the surface area, the 
light detector 22 giving an output indicative of the monitored surface quality 
(Figures 1 and 2), and 

(c) setting the energy of the beam 11 in accordance with the output 
from the light detector 22 to regulate the crystallisation of a device portion 3,4 
and/or 5 of a semiconductor thin film 1 at which the beam 11 is subsequently 
directed with its set energy (Figures 1 and 3). 
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In accordance with the present Invention, the light detector 22 is located 
at a position outside the specular reflection path 25 of the light returned by the 
surface area of the crystallised portion and detects a threshold increase (D In 
Figure 6) in intensity I3 of the light 26 being scattered by the surface area of the 
crystallised portion, which threshold increase D occurs when the energy Ep of 
the beam 1 1 is increased sufficiently to cause the onset of surface roughening, 
and in that, when crystallising the device portion 3.4 and/or 5 for a thin-film 
circuit element (for example a polycrystalline silicon TFT) during the step (c). 
the energy of the beam 11 is set to a value as detennined by the detection of 
said threshold increase D. 

The apparatus, as illustrated in Figure 1 comprises a laser 100 for 
generating the energy beam 11 to crystallise the portion of the thin film 1; a 
processing cell 50 containing a support 51 for mounting the substrate 10; an 
optical system 101 to 103 between the laser 100 and the processing cell 50 to 
direct the beam 11 from the laser 100 at a surface area of the thin film 1 when 
the substrate 10 is mounted in the processing cell 50; and adaptor means 
81,101 for changing the energy of the beam 11 incident on the film 1; a light 
source 20 for directing light 21 at the surface area of the crystallised portion 2 
of the thin film 1, and a light detector 20 for detecting the light returned by the 
surface area, the light detector 20 giving an output Indicative of the surface 
quality. 

In accordance with the present invention, the light detector 22 is located 
at a position outside the specular reflection path 25 of the light returned by the 
surface area of the crystallised portion 2 and has sufficient sensitivity to detect 
a threshold increase D in intensity I, of the light 26 being scattered by the 
surface area of the crystallised portion, which threshold increase D occurs 
when the energy of the beam 1 1 is Increased sufficiently to cause the onset of 
surface roughening, and control means 80 couple the light detector 22 to the 
adaptor means 81,101 to take an input from the output of the light detector 22 
and to provide an output control signal to the adaptor means 81,101 for setting 
the energy of the beam 11 to a value as determined by the detection of said 
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Preferably a pulsed laser beam 1 1 of an ultraviolet wavelength is used, 
generated by an excimer laser 100. A laser beam 1 1 of ultraviolet wavelength 
has the known advantage of permitting control of its absorption depth in the 

5 semiconductor material of the film 1 . Useful laser wavelengths are 248nm from 
a KrF laser, or a wavelength of 308nm from an XeCl laser, or a wavelength of 
351 nm from an XeF laser. 

Apart from the inclusion and use of the scattered light detector 22, the 
laser apparatus of Figure 1 may be similar to that described in US-A-5,372,836 

10 and/or in the Joumal article "Beam Shape Effects with Excimer Laser 
Crystallisation of Plasma Enhanced and Low Pressure Chemical Vapour 
Deposited Amorphous Silicon" by S D Brotherton, D J McCulloch et al in Solid 
State Phenomena. Vols 37 to 38 (1 984), pages 299 to 304. The whole of this 
Solid State Phenomena article are hereby incorporated herein as reference 

15 material. 

Thus, the laser apparatus of Figure 1 comprises an electrical power 
supply 81 for the laser 100. The power supply 81 is regulated by a computer 
control system 80. The computer control system 80 afso regulates the 
movement of an X-Y table 52 for scanning the laser beam 1 1 along the surface 

20 of the thin film i. In the arrangement illustrated by way of example in Figure 
1, the X-Y table 52 moves the substrate 10, although an arrangement as 
illustrated in US-A-5.372.836 may be used in which an X-Y table moves an 
optical element to move the laser beam 1 1 . In the example illustrated in Figure 
1 , the substrate support 51 is a susceptor which is mounted on the X-Y table 

26 52. The position of the X-Y table 52 is controlled by an Input signal from the 
computer control system 80. The processing cell 50 may be, for example, a 
vacuum chamber. 

The optical system 1 01 to 1 03 between the laser 1 00 and the processing 
cell 50 may comprise an attenuator 101, an homogenlser 102 for controlling the 

30 beam shape, and one or more total-reflection mirrors 103 for deflecting the 
beam 11. Typically the optical system 101 to 103 also comprises other optical 
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elements, for example one or more apertures and lenses. The attenuator 101 
controls the energy of the beam 11 transmitted from the laser 100 to the 
processing cell 50. This attenuator 101 may be of known fomi, for example 
one or more tilting transmission plates, the angle of which is varied to vary the 
transmitted energy level. The angle of the plates is set in known manner by 
an output signal from the computer control system 80. 

The apparatus may comprise a spectroscope 30 for generating band-gap 
spectroscopic reflectance distributions as illustrated in Figures 18 to 21 of US- 
A-5,372,836. However, most Importantly, the apparatus comprises the 
scattered light detector 22 which is provided and used in accordance with the 
present invention. Thus, the light detector 22 provides its output to the 
computer control system 80. The computer control system 80 then sets the 
energy of the beam 1 1 to a value (E + dE) as detemiined by the detection of 
a threshold increase in the scattered light 26. This change in the energy of the 
beam 11 may be effected via an output signal from the computer control 
system 80 to the electrical power supply 81 of the laser 100. However, it is 
preferable not to disturb the electrical supply to the laser 100 during its 
operation. Therefore, it is preferable to change the energy of the beam 1 1 by 
the computer control system 80 providing an output to the attenuator 101. 

The light 21 which is directed at the surface of the crystallised thin-film 
portion 2 may be from a light source 20 independent of the beam 1 1 used for 
crystallising the thin-film portion 2. The wavelength of the scattered light 26 
may therefore be made quite different from that of the laser beam 11, so that 
the light detector 22 can readily respond to the scattered light 26 from source 
20, in distinction from any retuming light from the laser beam 11. The light 
21,26 may be of an ultraviolet wavelength, for example at about 325nm when 
the laser beam 11 is at 248nm. A filter and shutter arrangement 23 and 24 
may be present in front of each of the light source 20 and light detector 22 to 
determine the wavelength and timing of the light transmission from the source 
20 to the detector 22. The scattered light detector 22 may be of any 
convenient type, for example a photodiode. 
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However, instead of using a separate light source 20 with the detector 
22, the laser beam 11 used for crystallising the thin-film portion 2 may provide 
the light 26 which is scattered to the light detector 22 for monitoring the surface 
quality. Beam 1 1 may have a spatial energy distribution (for example a 
Gaussian distribution in the scan direction) comprising a peak energy rising 
from a leading edge of increasing energy and falling off in a trailing edge of 
reducing energy. The energy regulation achieved in accordance with the 
present invention may be such that the peak energy value Is just sufficient to 
achieve melt-through of the film thickness; in this case, the trailing edge of 
reducing energy allows the crystallisation of smaller grains as nuclei for large 
grain growth in the film 1 , which may be even more optimum for providing high 
electron field-effect mobilities. Furthermore, the leading and trailing edges 
permit the laser beam 1 1 to be used in monitoring the crystallisation quality of 
the cooling film 1 after melt-through. Thus, with a pulsed laser beam 11, the 
leading edge of the next pulse provides the incident light which Is scattered as 
light 26 to the detector 22 from the surface of the cooling film portion 2 which 
has crystallised after melt-through by the previous pulse. In this case, for 
example, the beam 11 and hence also the scattered light 26 may have a 
wavelength of 308nm. The increasing energy in the leading edge of such a 
pulse Is also advantageous in achieving a gradual release of hydrogen in the 
laser crystallisation of a hydrogen-rich PECVD a-SI:H film 1 as described in the 
said Solid State Phenomena article. However, a shaped beam having such a 
spatial energy distribution may also be used to crystallise silicon films having 
substantially no damaging hydrogen content. 

The present invention may be used to optimise crystal grain size and 
field-effect mobility in polycrystalline silicon films for thin-film circuit element 
fabrication in known types of large-area electronic device. By way of example, 
the experimental results illustrated in Figures 5 and 6 were obtained by 
fabricating so-called "top-gate co-planar polysilicon TFTs" similar to the TFT 
shown in Figure 6 of US-A-5, 130,829, Such a top-gate co-planar polysilicon 
TFT is Illustrated in Figure 4. The gate electrode 42 Is present on a gate 
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dielectric film 41 on a crystallised portion of the tliin-film 1 which provides the 
channel region of the TFT. Doped spurce and drain regions 43 and 44 are 
formed in the film 1 and contacted by metal film electrodes 45 and 46. Such 
TFTs may form the switching elements of an array of a display matrix as 
described in US-A-5, 130,829. However, they may also form circuit elements 
in row and column driver circuits integrated on the same substrate 10 as the 
display array. 

By way of example, Figure 3 shows in plan view a thin film 1 on a 
substrate 10 which is subsequently divided into four display components by 
scribing along the lines M-M, M'-M', and N-N. Each display component 
comprises an array area 5 bordered on two sides by a row driver circuit area 
4 and a column driver circuit area 3. The whole of the thin film 1 (i.e areas 3, 
4 and 5) may be crystallised with the laser beam 11. However, if desired, the 
an-ay area 5 may be retained as amorphous silicon material and only the 
column and row driver circuit areas 3 and 4 may be crystallised with the beam 
IT. The an-angement illustrated in Figure 3 also comprises a test sur^ce area 
2 which is a peripheral area of the semiconductor thin film 1 on the substrate 
1 0. This test area 2 is part of the same semiconductor thin film 1 as the device 
portions 3, 4 and 5. In this case, the method of manufacture includes the steps 
of directing the beam 1 1 at the test area 2 in step (a), regulating the energy of 
the beam 11 to the set value by monitoring the quality of the crystallised test 
surface area 2 by means of the scattered light 26 in step (b), and then directing 
the beam 11 with the set value of energy at the different surface areas 3, 4 
and/or 5 to crystallise these different portions for the thin-film circuit elements 
of the display components. 

The present invention may be used to crystallise semiconductor thin 
films 1 having a hydrogen content. However, as described In the Applied 
Physics Letters article and the Solid State Phenomena article, the release of 
hydrogen from the film when scanned with a laser beam can result in significant 
surface roughening. In order to illustrate the different surface roughening 
mechanism which is utilised in accordance with the present invention, it is 
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preferable to avoid any confusion with surface roughening caused by hydrogen 
release. For this reason, the experimental results given in Figures 5 and 6 are 
for a semiconductor thin film of a silicon material which has substantially no 
hydrogen content at least when crystallising the device portion 3,4,6 of the thin 
film 1 for the thin-film circuit elements. The film 1 may be deposited by PECVD 
(plasma enhanced chemical vapour deposition) with a hydrogen content which 
may be slowly released by gradual heating before canying out any laser 
crystallisation treatment. However, the thin film 1 may be deposited by LPCVD 
(low pressure chemical vapour deposition) with only a very low hydrogen 
content. In the case of Figures 6 and 6, the pre-cursor films 1 crystallised by 
the beam 1 1 were deposited as amorphous silicon LPCVD layers at 540°C. 
The substrate 10 comprised a glass plate 10b capped with an insulating layer 
10a of silicon dioxide. The silicon film 1 was deposited on this insulating layer 
10a. For the results of Figures 5 and 6, a gate dielectric 41 of silicon dioxide 
was deposited to a thickness of 140nm in a PECVD reactor at Z0O°C. A TFT 
having an aluminium gate 42 and the co-planar configuration illustrated in 
Figure 4 was formed with the crystallised film 1. The silicon film 1 is patterned 
by etching into individual islands for the individual TFTs and any other thin-film 
circuit elements of the device. 

The peak energy Ep given in Figures 5 and 6 is the peak energy 
occurring within a semi-Gaussian distribution for the beam 11, for example as 
described in the Solid State Phenomena article. Ep is the peak energy density 
in mJ.cm"^ for each pulse of the beam 1 1 . Typically the pulse duration is about 
30ns (nanoseconds). The device portions of the film 1 were subjected to 
approximately 140 pulses to obtain the mobility results shown in Figure 6. 

Figure 5 shows the variation of electron field effect mobility with both 
the incident peak energy (Ep) in each laser pulse and with the thickness (tg;) of 
the LPCVD pre-cursor film 1. There is a clear pattern to these mobility results. 
In region A there is an initial increase in mobility (and its saturation in region 
B at 40 to eOcm^-VVS"") which arises from the primary conversion of the 
surface of the amorphous silicon film 1 to polycrystalline silicon. Under these 
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conditions, the crystallised film 1 appears to be stratified with an upper layer of 
grains about lOOnm wide on a finer grain backjground. In region C there is a 
second increase in mobility which arises as the melt-through condition is 
approached. The energies required for melt-through are strongly dependent 
on the film thickness tgi. Over the range of thicknesses shown, the melt- 
through threshold voltage varied approximately linearly with film thickness tgi. 
TEM (transmission electron microscope) investigation of these films In the 
region C has shown both an Increase of 2 to 3 times in grain size and an 
absence of stratification in samples having the peak mobility. The peak 
mobility was about 175cm^.V\s'^ for the 40nm thick film 1, and in excess of 
200cm^.V"Vs"^ for the 80nm thick film 1 . The mobility is observed to fall off after 
these peak values, apparently due to the onset of crystallographic damage in 
the film as a result of an excessive energy of the beam 11. 

The transition from saturation region B to the second increasing region 
C is well defined for the films 1 with thicknesses tg, of 80nm and 145nm. This 
transition from regions B to C is not so clear in Figure 5 for the film 1 having 
a thickness of 40nm. However, the occurrence of a related transition can be 
seen quite clearly by examining the scattered light 26 from the 40nm thick film 
1, as illustrated in Figure 6. Thus, Figure 6 shows that there is an order of 
magnitude increase D in the scattered light 26 as a characteristic surface 
roughening of the film occurs before melt-through. This threshold increase D 
in scattered light 26 is easily detected with the light detector 22. The results 
shown in Figure 6 were for light 21,26 of 325nm wavelength. A pulsed laser 
beam of 248nm was used for the crystallisation of the film 1 . 

This onset of surface roughening seems to be related to the appearance 
of a periodic spatially varying roughness as described and shown in the said 
Applied Physics Letters article. It should be noted that there is a reduction of 
only a few percerit In the reflected light 25 from the film surface as this 
roughening occurs. This small change in surface reflectance provides 
inadequate sensitivity for reliably monitoring the occurrence of this onset. By 
contrast therewith, there Is an order of magnitude increase in the scattered light 
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26 as this onset occurs. 

It should also be noted that the energy E at which the onset of surface 
roughening occurs (as detected by this threshold Increase D in scattered light 
26) Is at a lower value than the optirhum beam energy for maximum film 
mobility as shown in Figure 5. Generally speaking, for a semiconductor thin 
film of silicorr titving a thickness in the range of 20nm to eOnm, this optimum 
beam energy is within eOmJ.cm-^ of the value E causing the onset of surface 
roughening as detected by the threshold Increase D in Intensity of the scattered 
light 26. Thus, for example, for the 40nm thick film 1 the threshold increase D 
in scattered light intensity as shown in Figure 6 occurs between 225 and 
240mJ.cm■^ The optimum beam energy for maximum field-effect electron 
mobility as illustrated in Figure 5 occurs at about 270mJ.cm^ Therefore, the 
energy of the beam 11 used for crystallisation of device portions 3,4, and/or 5 
of the film 1 in step (c) is preferably set to a regulated value which is about 
25mJ.cm-^ higher than the energy threshold indicated in Figure 6. Thus, for 
maximum film mobility, the energy of the beam 1 1 Is set to a value of (E +dE), 
where E is the energy at which the particular onset of surface roughening is 
detected by the scattered light detector 22 as illustrated in Figure 6, and where 
dE is an incremental increase which is found by the present inventors to be 
dependent on the thickness tg, of the thin film 1 arid which is thus also related 
to the energy value E. For film thicknesses tgj of less than 40nm the set value 
(E + dE) converges rapidly towards E, whereas for thicker films 1 the 
incremental increase dE Increases strongly as the thickness tg, increases. 
Thus, the incremental increase dE is nearly ISOmJ.cm"^ for a film thickness of 
tsi of 80nm. The films 1 required for most TFTs and other thin-film circuit 
elements of large-area electronic devices today have film thicknesses of less 
than 50nm, and the general trend is towards even thinner films, for example 
40nm, 30nm and less. The value of the incremental increase dE (to be added 
to the scattered-light monitored value E so as to set the beam energy for 
optimum crystal growth) can be stored in a look-up table of the computer 
control system 80. 
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From reading the present disclosure, many modifications and variations 
will be apparent to persons skilled in the art. Such modifications and variations 
may involve equivalent features and other features which are already known in 
the art and which may be used instead of or in addition to features already 

5 disclosed herein. Although claims have been formulated in this Application to 
particular combinations of features, it should be understood that the scope of 
the disclosure of the present application includes any and every novel feature 
or any novel combination of features disclosed herein either explicitly or 
implicitly and any generalisation thereof, whether or not it relates to the same 

10 invention as presently claimed in any Claim and whether or not it mitigates any 
or all of the same technical problems as does the present invention. The 
Applicants hereby give notice that new claims may be formulated to such 
features and/or combinations of such features during prosecution of the present 
application or of any further application derived therefi^om. 
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CLAIMS 

1 . A method of manufacturing an electronic device comprising a thin- 
film circuit element, which method includes the steps of: 

(a) directing an energy beam at a surface area of a semiconductor thin 
film on a substrate to crystallise at least a portion of the thin film, 

(b) monitoring the surface quality of the crystallised portion of the thin 
film by directing light at the surface area of the crystallised portion and by 
detecting with a light detector the light returned by the surface area, the light 
detector giving an output indicative of the monitored surface quality, and 

(c) setting the energy of the beam in accordance with the output from 
the light detector to regulate the crystallisation of a device portion of a 
semiconductor thin film at which the beam Is subsequently directed with its set 
energy, 

characterised in that the light detector Is located at a position outside the 
specular reflection path of the light returned by the surface area of the 
crystallised portion and detects a threshold increase in intensity of the light 
being scattered by the surface area of the crystallised portion, which threshold 
increase occurs when the energy of the beam is Increased sufficiently to cause 
an onset of surface roughening, and in that, when crystallising the device 
portion for the thih-film circuit element during the step (c), the energy of the 
beam is set to a value as determined by the detection of said threshold 
increase. 

2. A method as claimed in Claim 1, further characterised In that the 
portion crystallised In step (a) is a part of the same semiconductor thin film as 
the device portion subsequently crystallised with the beam of set energy in 
step (c). 

3. A method as claimed In Claim 2, further characterised by the 
steps of directing the energy beam at a test surface area of the semiconductor 
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thin film in step (a), clianging the energy of the beam to the set value by 
monitoring the quality of the crystallised test surface area by means of the 
scattered light In step (b), and directing the energy beam with the set value of 
energy at a different surface area of the semiconductor thin film to crystallise 
the device portion for the thin-film circuit element. 

4. A method as claimed in Claim 3, further characterised in that the 
test surface area is a peripheral area of the semiconductor thin film. 

5. A method as claimed in any one of Claims 1 or 2 or 3 or 4, further 
characterised in that the light which is directed at the surface area of the 
crystallised portion is from a light source independent of the beam used for 
crystallising the thin-film portion. 

6. A method as claimed in any one of Claims 1 or 2 or 3 or 4, further 
characterised in that the beam used for crystallising the portion of the thin film 
is from a laser and provides also the light which is scattered to the light 
detector for monitoring the surface quality in step (b). 

7. A method as claimed in any one of Claims 1 to 6, further 
characterised in that the semiconductor thin film is of silicon having a thickness 
in the range of 20nm to 60nm, and in that the set value of the energy of the 
beam used for crystallisation in step (c) is within 60mJ.cm'^ of the value 
causing the onset of surface roughening as detected by the threshold increase 
in intensity of the light being scattered by the surface area of the crystallised 
portion. 

8. A method as claimed in any one of Claims 1 to 7, further 
charaicterised in that the semiconductor thin film is of ^ silicon material which 
has substantially no damaging hydrogen content at least when crystallising the 
device portion of the thin film for the thin-film circuit element during the step (c). 
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9. Apparatus for crystallising a portion of a semiconductor thin film 
on a substrate comprising 

a laser for generating an energy beam to crystallise the portion of the 
thin film, 

a processing cell containing a support for mounting the substrate, 

an optical system between the laser and the processing cell to direct the 
beam from the laser at a surface area of the thin film when the substrate is 
mounted in the processing cell, 

adaptor means for changing the energy of the beam incident on the film. 

a light source for directing light at the surface area of the crystallised 
portion of the thin film, and 

a light detector for detecting the light returned by the surface area, the 
light detector giving an output indicative of the surface quality, 

characterised in that the light detector is located at a position outside the 
specular reflection path of the light returned by the surface area of the 
crystallised portion and has sufficient sensitivity to detect a threshold increase 
in intensity of the light being scattered by the surface area of the crystallised 
portion, which threshold increase occurs when the energy of the beam is 
increased sufficiently to cause the onset of surface roughening, and control 
means take an input from the output of the light detector and provide an output 
to the adaptor means for setting the energy of the beam to a value as 
determined by the detection of said threshold increase. 

1 0. Apparatus as claimed in Claim 9, further characterised in that the 
adaptor means is an attenuator which is located in the patti of the beam, and 
which forms part of the optical system between the laser and the processing 
cell. 
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